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ABSTRACT 


Computer programs are used to calculate the total electron excita- 
tion cross-section for atoms and the partial ionization cross-section. 
The calculation is done in the following manner. Each of the approxima- 
tions listed below results in an expression for a scattering amplitude, 
involving the atomic wave function of the target. These amplitudes are 
simply related to the differential cross-sections which are integrated 
to give the total, excitation (or partial ionization) cross-section for 
the collision. 

. The approximations to the scattering amplitude used are. 

Non— Exchange Excitation: 

1 ) Born 

2) Bethe 

3) Modified Bethe 

' Exchange Excitation 

1 ) Ochkur 

Non-Exchange Ionization 

1 ) Coulomb - Born. 

The atomic wave functions used are Hartree-Fock-Slater, (HFS) . 
functions for bound states and the coulomb wave function for the con- 
tinuum. 

The programs are presented and some results are examined. 
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. I. . INTRODUCTION 

1. History and Significance of the Problem. 

The purpose of this research is to calculate the total electron 
excitation cross-section and the partial ionization cross-section for 
atoms. Symbolically the excitation process is written: 

Z(n^-S,^.m^.) + e -i- Z(n^j,^^) + e . (1) 

The problems of computing excitation and ionization cross-sections 
have been ef interest for some time. An attempt to compute cross- 
sections for excitations to the continuum (i.e. ionization) was made by 
Thomson in (1912). His classical theory of ionization of atoms has 
been recently restudied by Rudge (1968) as a result of a renewal of 
interest in semiclassical Mlculations as approximations to more elabo- 
rate quantum mechanical calculations. 

Some of the early papers in Quantum. Mechanics were also concerned’ ; 
with the problem of atomic excitation calculations. The papers of Born 
in (1926) and Oppenheimer in (1928) are particularly noteworthy. 

As the field of astrophysics has advanced in sophistication 
interest in atomic cross-section calculations has further increased. 
Bates mentioned in (1950) that quantitative information on the cross- 
section associated with excitation and ionization by electrons is 
necessary in connection with several astrophysical problems. In parti- 
cular such information is necessary for an understanding of the 
observed spectral characteristics of aurorae and in connection with 
investigations of the solar corona and gaseous nebulae. The subject 



of gaseous nebulae is discussed by Cyszak (1968) who mentions that 
accurate transition probabilities and collisional cross-sections are 
necessary for proper interpretation of the properties of nebulae. 

These are some of the needs for excitation cross-sections. There 
are two methods of determining such cross-sections; experimental mea- 
surements or theoretical calculations. 

Certain inelastic collisions of electrons with atoms have been 
studied experimentally and some cross-section information has been ob- 
tained (Kieffer (1967) ) , but experimental measurements s particularly 
of the absolute values of the excitation cross-sections ^ are in general 
very difficult. Furthermore, 'exceptional difficulties are encountered 
in the experimental measurements in many cases of particular interest 
(Heddle (1968)). 

Three, main categories of experimental methods have been used (see 
Moiseiwitsch and Smith (1968)). In the first method intensi tie's of spec- 
tral lines excited by an electron beam are measured. The measurements 
in this case effectively determine an optical excitation function as, 
opposed to the desired electron excitation cross-section. The fundamen-. 
tal differences between these two quantities arise due to the effects in 
the photon measurements of cascades from higher levels with several 
channels for decay, which produce an anisotropic radiation pattern. A 
principal problem in these meas.urements is absolute calibration of the 
optical system. 

A second method is based on the deactivation of "metastable" states 
at a metal target. The electrons ejected from the metal target provide 
information. The difficulties of this method are connected with determin- 
ing the efficiency of collection and conversion of metastable, atoms at 



the metal target. 

The third experimental .method involves a study of the energy loss 
spectrum of scattered electrons. Here an electron beam of definite 
energy is passed through a gas and the energy spectrum of electrons 
scattered at a particular angle with respect to the beam axis is measured 
by use of an electron energy analyzer. The principal difficulties here : 
arise from the necessity of taking data at many angles as well as over 
a Kiange of energies. . 

As is pointed out by Bely (1970), reviews, of experimental methods 
have been written by Fite (1962), Moiseiwitsch and Smith (1968), and 
Meddle and Kessing (1968). 

The difficulties encountered in a theoretical approach are immedi- ’ 
ately obvious in view of the fact that an electron target atom system’ 
is essentially a many-body system. The particular difficulties involved 
and the approximations made in an attempt to overcome these difficulties 
win be one of the concerns of the present research. 

At the outset we are forced to recognize that the problem of 
electron impact excitation of atoms is so complex that, even for the 
case of electron collisions with atomic hydrogen, there is no exact 
solution known for the excitation cross-section of the two lowest states. 
Therefore, to assess the accuracy of various approximate calculations 
the only method available is that of comparing the cross-sections ob- 
tained in the various calculations with one another and with the limited 
experimental data available. 

The data that is available, both experimental and theoretical, has 
recently been collected by the Information Center of the Joint Institute 



of Laboratory Astrophysics (JILA), and the Oak Ridge Atomic and Molecu- 
lar Information Center. A series of reports published by J I LA emphasize 
that for many elements and transitions there is in fact no, data avail- 
able (see Kieffer (1967)). 

This fact is again emphasized in a recent article by Athay (1972),. 
The author states, “We have no information either experimental or 
theoretical of collision cross-sections for ^(these)' forbidden transi- 
tions." 

Motivated by the need (expressed in particular by astrophysicists) 
but restricted by the complexity of the problem, the present research 
^obtains inexact but reasonable excitation cross-section values for all 
elements by use of various approximations. 



II. WAVE FUNCTIONS 

A fundamental difficulty in any problem involving atoms is that of 
obtaining accurate atomic wave functions. These are the solutions to 
the problem: 

( 2 ) 

where H is the Hamiltonian operator incorporating all of the interac- 
tions of the constituents of the atom and the are. the eigensolutions 
of this operator for the eigenvalues, 

The exact treatment of this problem requires the use of the proper 
Dirac Hamiltonian (i.e. the inclusion of relativistic effects) but this 
problem is so complex that the following assumptions are conwonly made: 
I. It is assumed that the Dirac Hamiltonian can be approxi- 
mated by the Schr6edin.ger Hamiltonian. , (This allows the 1 

wave function to be represented by a' single function rather 
than the matrix of four .functions required by the Dirac 
equation.) 

IT. It is assumed that the particles move independently. ' 

(This allows the total wave function for the system of 
particles to be written as a product of one particle wave 
functions). 

,in. It is assumed the electrons move in a central field 
due to the nucleus and all other electrons. (This allows 
the one particle wave functions to be separated into 
radial and angular components). 



The separation of the radial and angular parts of the wave functions 
allowed by assumption III gives two equations. The spherical harmonics are 
the solutions of the angular equation. Thus the problem is reduced to find- 
ing the radial wave functions which solve the remaining radial equation. 

We would expect these assumptions would be less valid and there-, 
fore our wave functions less accurate where 

-relativistic effects are significant (i.e. Large Z) 

-electron - electron interactions are more significant 
(i.e. large occupation numbers for given orbitals). 

These expectations are confirmed by the comparison of experimental and 
theoretical energy values given by Herman and Skillrnan (1963) in 
Chapter (3) of their work. 

1. Bound State Wave Functions 

A technique for finding the radial wave functions for bound state 
electrons was, developed by Hartree. His treatment involves assuming a 
form for the central fields solving the radial equations : for the one 
particle wave functions, finding the field due to these wave functions 
and then comparing the calculated field with the assumed field; Where 
the two fields agree, to within some previously specified tolerance, 
the problem is considered solved. Otherwise, where the two fields do 
not sufficiently agree, the calculation is begun again using the com- 
puted field as the assumed field and computing a new field. The pro- . 
cedure is repeated until the desired agreement is obtained. 

The Schrdedinger Hamiltonian for an n-electron atom is given in 
atomic units (see Appendix II), as: 



(3) 





H = - 



1=1 




The prime indidates that the sunsnation is over all pairs, each pair 
being included once and the term i=j being omitted. 

in the Hartree model the total wave function for the system is 
assumed to be a product of single electron wave functions. 

^ = ->^(ri)-'-cfr^(f^) ■ (4) 

The third term in H represents the electron-electron Interaction. The 
charge density of the j^^-electron is l<l'(r.)|2. 
replacement 


The Schrbedihger equation for this system is then 



1=1 



This equation separates into the set of n-equations 


L ^ + U(rJ 


’^i 




(7) 


(A rigorous derivation of this approximation using a variational princ' 
pie is given by Slater (1957)). 

Let us notice that as assumed in Eq. (5) the spherical harmonics 
solve the angular equation and the problem remaining is the radial 
equation: 


‘d^ 




P{NJl:r) = 0 


( 8 ) 


Ldr“ ^ ■■ ■ ' r 

For computational ease in the numerical procedures required by the 



Hartree model , this equation is traditionally written: 

[Y(r) + Yo(r,£:n.:r)l - p(„^..,) = q (9) 

where 

V(r) = Z- '2 q(n‘J.‘) Y„(n‘)l';h'j!,':r) (10) 

n'J!,' 

and where q(n£) represents the number of electrons in each shell. 

Yo(n‘A‘ :n‘^,‘ :r), is a spherically symmetric charge distribution of radial 
charge density jP(n‘j!,‘ :r) p.. Eq. (9) is the Hartree self consistent 
field equation without exchange (H-EQ). 

The Hartree equation may also be derived from the variational prin- 
ciple. For the present purpose the principle is expressed by the 
statement that if ¥ is an approximate wave function for the ground state 
of a system described by the Hamiltonian H, the closer 'a approaches the 
true eigenfunction of the Hamiltonian the lower the approximate 
eigenenergy becomes; i.e. . , 

E i di/ / dt . {11) 

(For a more detailed statement of the principle see Landau (1958), 
Hartree (1957) or Gottfried (1966)). 

The derivation is then the result of assuming the approximate wave 
function form ¥ - ) ' .* finding the best solutions of the 

Schroedinger equation by minimizing / dx/ / 't’+'J' dx. subject to the 
condition J dr|i^ (^)l^ = 1. This procedure again results in the 
Hartree equation and assures us that the Hartree eigenfunctions are the 
best for the assumed analytic form. 

Since the Hartree model assumes that the total wave function, . 
is represented by a simple product of single electron wave functions, 




it neglects the pauli principle. Fock improved on the model by requir- 
ing that the total wave function be antisymmetric under exchange of any 
two of, the electrons. (See Fock (1930)). The resulting Hartree-Fock 
model postulates to be a Slater determinant of the form 







^ (n) 


( 12 ) 


where thef(t) represents products of electron space and spin functions 
of the form 

<j)(i) = x(o^) • (13) 

By application of the variational principle in the Hartree-Fock 
model, a Hartree-Fock self-consistent field equation (H-F-EQ), is 
derived which is analagous to the Hartree equation obtained above. The 
(H-F) equation is: (See Cyszak (1968).) 


r^ + |-Y(r) - P(n«.:r) = - 2 K(n^:r,s) P(rU:s)ds 

L . ’ . J 

.1 


n'^n 




where Y{r) is defined in Eq. (10). The function K(nJl:r,s) occurring in 
this equation is defined by the following relations 

= r<*^/r>^'*'^ where r> refers to r or r' 


a' ;y's) = P (n'£‘ :r) Uj^(r,s) P(n'Ji' :s) 

K(n£:rs) = K. , (n'SL' ;rs) +, X K. (n£:rs) 

n'Vfra ^ k 


( 15 ) 


where the a's are constants depending on the P(nJi:r) of interest. 



A detailed discussion of the derivation and interpretation of these 
terms is given by several authors, (In particular the work of Hartree 
(1957) is useful and the discussion of the Hartree-Fock equation by 
Cyszak (1968) includes a sample calculation.) For our purpose, it is 
sufficient to note that the inclusion of exchange couples the equations 
for the single electron wave functions by introducing the second term 
on the right-hand side of Eq. (14). Thus, the Hartree-Fock model re- 
quires the solution of a coupled set of differential equations and the 
problem has significantly increased in complexity. 

A third model for atomic wave functions which is sometimes used ■ 
allows for so called "configuration interaction". Recall one of the 
basic assumptions of the Hartree model is that electrons move indepen- 
dently. Actually the electrons are correlated (see Leighton (1959) or 
Stevenson (1965)). The correlations-are of two types; statistical 
correlations due to the Pauli Exclusion Principle and coulomb correla- 
tions due to the non-central nature of the 1/r.. term. The Hartree-' 

^ ’1 

Fock model includes statistical correlations by use of determinantal 
wave functions but ignores coulomb correlations. The coulomb non- 
central effects together with a spin-spin correlation are discussed in 
many texts as Russel-Saunders or LS Coupling {see Schiff (1968)). The 
configuration interaction model is the adoption of an approximate wave 
function consisting of a linear combination of determinantal wave func- 
tions. Since the operators and Parity commute with the 'Hamil- 

tonian containing the non-central 1/r.. -term, (see Condon (1935)), 
only those configurations of the same L, S and Parity are included in 



the approximate wave function. This model Increases the complexity of 
the calculation of the wave functions still further. 

Since each of the atomic models involves a self-consistent calcu- 
lation, the computations, as might be expected are laborious. The early 
computations were done by hand, and a compilation of these calculations 
through 1958 is given by Slater (1960). 

In the mid 1950's with the advent of relatively high speed comput- 
ers Piper (1956) and Vainshtein (1957) made separate attempts to use 
the Hartree-Fock model to calculate large numbers of atomic wave func- 
tions. In 1963 two authors, Herman and Skillman, produced a calculation 
of all ground state atomic wave functions for all elements. Other cal- 
culations have since been made by other authors (as referenced in 
Cyszak (1968)). These, other calculations in general involve two types 
of procedures; either an analytic procedure or a numerical procedure. 

In the analytic procedure the radial wave functions, P(n^£^:r) =. 

P^. (r) are taken to have the general form: ■ 


, ^ ,24 vZA? ■*'3 

J 






(16) 


subject to the normalization condition, /|P^(r)| dr = 1 . Here the 

Z.'s are screening constants and the A.'s are the parameters which de- 

fine the basis functions. A set of P's are chosen by defining the A.'s 

•3 

and the best of this set is determined by minimizing dx with 

respect to variations in the P's. This determines the Z-'s. The 

• J 

Hartree-Fock equation is then solved by determining the eigenvectors 
Cij. (A sample calculation using this technique is discussed by 
Winterbon (1968)). 



In the numerical procedure a straight forward numerical integra- 
tion of the Hartree-Fock equation is carried out and the P(nJi:r) are 
obtained as tabulated numerical functions. Analytic programs have been 
developed by Nesbet and Watson (1960), Roothan (1960), Watson and Free- 
man (1961). Numerical programs such as the Herman and Ski 11 man work, 
have been also written by Froese (1963) and by Mayers and Hersh (1963). 
All the above mentioned calculations use the (HF)-model. A program to 
include configuration Interactions has been developed by Mayers and 
Obrien (1963), and a program to calculate atomic wave functions by use 
of the Dirac equation has been written by Liberman, Waber, and Cramer 
(1965): 

Since the review of Cyszak (1968), additional wave function calcu- ' 
lations have appeared in the literature; Smith (1967) provided numeri- 
cal solutions to the Dirac equation, Cowan (1967), (1968a), (1968b), 

using the Herman-Skillman as a starting point has developed calculations 

\ 

of atomic transition probabilities. . Other recent works of interest are: 

C. (Froese) Fisher (1967), (1968) has expanded her earlier work 
(see Froese (1963)) to include configuration-interactions ; Mayers (1971) 
with his collaborator Obrien have continued the relativistic wave func- 
tion work they began in the 60‘s (see Mayers (1963)); Seaton (1970) has 
reviewed some of the basic principles of Hartree-Fock calculations. 

The work of Herman and Skillman is of interest for the present 
calculation. Recall that the Hartree-Fock equations Eq. (14) are 
coupled by the exchange term, 

n‘?^n 



These equations can, be decoupled by means of a simplifying assumption 
due to Slater (1951), who suggested that the Hartree-Fock exchange poten 
tials for different occupied orbitals could be replaced by an averaged 
exchange potential obtained from the theory of a free-electron gas. 

In a free-electron gas,, which is a uniform' system, the averaged 
exchange potential 1s proportional to the cube root of the electronic 
charge density {see Slater (I960)), . 

= - etS/Sir p{r)]^^^ 

The Slater assumption is that in the atom, which is a non-uniform sys- 
tem, the averaged exchange potential depends only on the local charge 
density p{r). 

Collecting all potential energy terms into V(r), the Hartree-Fock' 
equation with the Slater assumption may be written: 


- V(r) - c 


nA,h)iJ 


P(n«-:r) = 0 


in) 


The function V(r) is as follows: ^ 

V(0 y-2Z/r -2/r jya)<ii - 1 p [r) 

|PW:f)r ; f> (r) - Vlrr^cr^f); ” 


1/3 


(18) 


Eq. (17) is the Hartree-Fock Slater (HFS) equation. This approximation 
decouples the wave equation. 

Herman and Ski liman wrote a Fortran Program for the IBM 7090 Com- 
puter to solve the (HFS) equation and obtain ground state wave functions 
for all atoms. Their results are given in terms of sets of tabulated 
orbital radial wave functions for specified configurations. It is 



these ground state wave functions (and their eigenenergies) that are 
used in this calculation. They have been chosen because they have the 
desired accuracys can be generated on the available IBM 370/145s and 
are well-known. 

The excited state wave functions which are also needed in the 
present work were obtained by a modification of the Herman-Ski liman pro- 
gram (H-S). Let us note that the decoupling of the wave equations dis- 
cussed here for the target wave functions is consistent with the cross- 
section approximations presented in Chapter III (i.e. the approximations 
to the cross-section do not involve coupled channels). This modifica- 
tion is discussed in Chapter III, Section 2 and the program listing is 
given in Chapter V, Section 1. From this discussion it will be made 
clear that the wave functions have been isolated from the cross-section 
calculation. This has been done so that different wave .function .programs 
may be used with the cross-section program .used here. 

2. Continuum Wave Functions 

In addition to the bound state wave functions obtained from the 
modified Herman-Ski liman program* this calculation will require contin- 
uum wave functions for use in the calculation of ionization cross- 
sections. These wave functions will be "coulomb" wave functions. These 
are the solutions to the problem of an electron moving in a field of 
charge Z with 1/r dependence. The functions are discussed in most 
standard texts. (For example see Landau (1965) or Schiff (1968)).. . 

The coulomb wave function is a particular form of the confluent 
hypergeometric function. Since, the e/al uation of this function requires 



elaborate mathematical techniqueSs two approaches to removing the need 
for numerically evaluating this function are commonly made In atomic 
structure calculations. 

The first approach is to use bound state wave function of the 
"analytic" type discussed earlier. This technique allows the evaluation 
of matrix elements by analytic evaluation of integrals of the form 

(19) 

where F(a 5 Ysl<z) is the confluent hypergeometric function. See Landau 
(.1958), Peach (1968), and Omidvar (1972). 

A second approach is to use numerical bound state wave functions 
(as, we have selected here), and to usd some reasonable approximation 
for the cbulomb wave functio.n such as the following one. 


The wave function we seek is to'describe an electron moving away 


from a point charge Z = + 1 with a wave vector ]< and a position vector 
r . This function must satisfy the ionization boundry condition 
(rather than the scattering condition) of an outgoing "plane" wave and 
an ingoing "spherical" wave. This system of functions may be obtained 
from the more common system that are solutions to the scattering prob- 
lem by applying the time-reversal operator to the scattering solution, 
(see Landau (1957)). The solutions of interest are of the form 




1 : 
^TTK 






RKiC-'etiJ-T) 


(Zo) 


Jt‘0 


Where 6^^ e ARG r(5,+l-i/k), is the Legendre Polynomial 1 a unit 
vector and 





a ^ v: 


where 


A 


1/2 


—. ...... rt 1/K^) Mote (22) 

(I - ekp (-iTT/Kj;i 1 / 

nS ^ ^ 

and where iFi(a,b,c) is the confluent hypergeometric (i.e. Kummer's) 
function, (see McGuire (1973)). These wave functions have the asymptoti 
fonn 


sin 


Kr-4? In (2Kr) ^-c}„ 
K 


(23) 


2 IT 

These are the continuum wave functions used in this calculation. 

The evaluation of these wave function in the present work is done 
using the relation 


^ Fi (t ^ ^ ^ . 2 i ^ Hk r) 


N'M 




(24) 


where 


and 




This expression is given by Abramowitz (1964). The convergence of this 
series over the range of t,k,r of interest is such that a maximum of 30 
terms is needed to evaluate the wave function. 

The criteria for truncation of the sum may be seen in the subrou- 
tine FLNR (L,RH0,ETA) listed in Chapter 5, Section 3 of this paper. 



III. EXCITATION CROSS-SECTiOMS 


1. The General Problem 


The total electron excitation cross-sections Q(n.£^.'>n ^£^)5 we are 
Interested in calculating may be obtained from the scattering amplitude 
f( 09 ^). The general expression is developed below. 

The Schroedinger equation for a system of an incident electron with 
coordinate ro» and an atomic target with nuclear charge 1 and atomic . 


electrons at positions is given in atomic units as: 








•H 


(26) , 


The atomic wave functions are the solutions of the equation: 


5 ---J '& . 'st J 

Assuming the solutions to be known, they can be chosen as orthonormaT 
basis functions in terms of which the total wave function can be 
expanded. 




(28) 


Substituting the expansion into Eq. (26), multiplying the result by 
• -r^) and integrating over dri”*dr 2 we find, , 


[ 7V. k;{ (29) 


where 



18 


t — I ' Oi 

S 


. Z 


(3o; 


and 


kp2 = 2,(E-Ep); 

E = total energy of system; 

Ep = final energy of atomic target. 

Assuming the incoming electron is incident with wave vector Icj then our 
problem requires the asymptotic boundry condition 


Fp (C) exp 


ik -r. 


ipx ^ (31) 


Since our equation for Fp(ro) is of the Helmholtz form with a source 


term, we may write the solution in terms of a Green's function G(ro,r') 


Fp (C)= 


V ^ vi... f, ) G ( .<7 i' ( • 


(32) 


Here G satisfies the equation 

- I (33) 

To satisfy the asymptotic boundry condition Eq. (31), we choose 


Then expanding equation 6 for large To and using 


k I -** > 

f I re - ' r 


1 4 ^ 

- , - kp-,r 


\A) nert. 


k. = r. 



we can compare the asymptotic expression for Eq. (32) with that given 
in Eq. (31) to obtain the result 



The differential cross-section is defined to be the flux scattered 
into the direction ( e# 41 ) per unit incident flux. Since the current 
density is given fay 



it follows from Eq. (31) that the incident flux has, the value (l/2i)* 
( 2 kj), while the scattered flux in the direction ( 0 , 4 ) can be written 
(-ikp) The differential cross-section dO/df^» .therefore is; 

given by , . 


■■ dC^dA^.— (Kp/Kx) 


1 


(37) 


The' total .cross-secti.on, Q, results from the integration of dQ/dfi over 
all angles, i .e. 


Q (38) 

It can be seen from Eq. (35) that the scattering amplitude involves 
the total wave function for the incident electron and the atomic target, 
*^(^0 /ri"‘*r 2 ). But since this total wave function is not known, it is 
clear that some additional approximation is necessary in order to evalu- 
ate an atomic cross-section. Many different approximations have been made 
in this connection. These can be categorized in, terms of those that 
allow for. exchange between the incident electron and the target atom 
electrons and those that do not. ; The present calculation computes cross- 



sections in three non-exchange approximations and one exchange approxt- 
mation. 

2. Born-Approximation 


The simplest approximation is the first Born-Approximation. Here 
the wave function of the total system is approximated for all |rol by 
the correct wave function in the asymptotic region of large Irojs i.e^, 




(39) 


This approximation leads immediately to the following form for the 
scattering amplitude; 


4,„(^/l^ = -a/2)r)d?^xp[f(ir^-]?,Vr3 V ir) , ^( 40 ) 


where 


j 



This approximation is most valid for high incident energies. 
Classically, at low incident energies, the incoming electron spends more 
time in the interaction region and, clearly, a free particle description 
is not accurate. 

Using the Bethe integral, (see Schiff (1968))^ 


Jdi^exp[~i l7'r]/| r- f I = {4VK^)eXp[i 7-^ : ( 42 ) 

Where K = kj-kp, the. first Born Scattering amplitude can be rewritten 
-(Vk')Ifi Fit I (43) 

where 



A further simplification results from the following argument. 
Recall that a Hartree-Fock wave is an anti symmetrized product wave 
function of the form 




(4.5) 


For the atomic systems considered in the present calculation the 
assumption is made that the atomic core electrons are unchanged; Then 
only the wave function of the “active" electron is assumed to differ in 
the initial and final states of the atom. .{The Herman-Skil Iman program 
is modified to compute the excited state wave function by solving the 
HFS equation for the excited state using the sel f-consi stant potential 
of the ground state configuration.) With this assumption the expression 
for, Ipj can be reduced via the. relation, (inserting' the spin wave 
function X(ai***cr 2 )) 

if Jf ■■ JffCf.. :. ?)« pD 

and by. use of the following property of the Levi -Chi vita symbol; 






( 47 ) 


(where Z is the. number of indices). Consider the term of the sum 
over s in Eq. (44) 
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whichj by use of the orthogonality of the <|)'s reduces to 




J/= 


which gives. 


...y/,, (T / 




Jp' = 4 (50) . 

where and denote the Initial and final state wave functions of 
the excited electron. (Since spin does not appear in the Hamiltonian 
the spin-space and the r-space are decoupled. Let us factor out the. 
spin function and neglect it in further discussions^ <^CPp>c7p) = 
ip(?p)x(ap) .) Since is clearly independent of p (after integration 
over rp) the sum in Ipj results only in a factor of Z, and, the expres- 
sion for reduces to the form, 

= -(V x")p (51) ( 

where the initial and final state single electron wave functions are 
denoted by and ijj^ for clarity. This expression for will be 

of use in discussion of other approximations. 

By choosing the z-axis in the tj-direction, so that K depends 
only on the polar angle of kp with respect to' 

K^-i K^K^co^0; KJK = kJ<pSinGdQ (52) 
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and the total cross-section can be expressed in the form 


Q (53) 

J r KjyiaX ' n fflftC ^ 

=&"■/»</)(„. KWMK ; K„„ = «.tK, 

If the cross-sections are measured in units' Tra^^ instead of ag^ (as is 
implied by atomic units) this is rewritten 


y LJK)I Kd K 


QLn-ap =J(^1 

^ m J D 

Since the single electron wave functions are designated by the 


(54) 


quantum numbers n ji m, while the cross-sections of interest in the 
present calculation are for transitions of the type (nt-^n'ji') inde- 
pendent of m» we require for what follows the average of the above 
expression over and its sum over 
Consider. 

For the integration over r choose the z-axis along the K-direction and 
recalls (Jacicson (1962)) 




( 56 ) 


Since ’l^,^j^fp(r) can be written as 


r 


we may write 




In appendix III the sum involving the angular integrals is evaluated 


in temis of 3j-symbols. By using the result of that appendix we obtain. 



\oRO X--0 

Since the triangle rule, requires A(minimum) = and, 

x(maximuni) = JZ-^+Jlxs we obtain for the required sum the result 

a/ ■ 






m, fiv. 


X 




^rP^ffr)^fKr)U^) 


(59) 


Finally the expression for the Born-approximation cross-section 
Q[n^£^-)'n^J!,^] reduces to 



This form of If 


ICXK^I WK 


is used in the Born option of 


(60) 

the cross- 



section program. 


3. Bethe Approximation 

A simplification of the Born-Approximation is due to Bethe. Re- 
call the expression for the Born scattering amplitude 




r. 


(61) 


when the z-axis is chosen in the K-direction for the integration and 
expCiKr cose] is expanded, the following series is obtained 






/f' 




]■ 


(62). 


where 




(63): 


This series converges provided Kag«l where a^, the Bohr radius* is 
the approximate range of the atomic wave functions. For Kag»l 


lf(K)l^ is small and contributes negligibly. , to the excitation 


iiiui-.s 


cross-section (This is discussed in detail by Mott and Massey (1965) 
in Chapter XVI of their text,). 

Approximating the square of the scattering amplitude by the first 

non-zero term of this series is the Bethe approximation. 

The Legendre polynomial P^(X) has as its highest power of X, 

2,-2 

the next highest being X , and so on. This may be seen by the power 
series solution of the Legendre equation, (Jackson (1962) ) . Recall 
that 




[^(6050) 


Hence (see Abramowitz (1964)) 

(cosef 


Using [ < 



jii /np- 


Once again we must average over and sum over m^: 


irij nif 




UV2J?,+ 1)] 


•Cf.5 




Jr (rf lij^(r) P^j^s/r*) 


. . ii' 

Again using the result of Appendix III we may rewrite the final 
terms of the 3-j symbol and find: 


I f p, • ■ 


fi-e-i.'nf. ‘ 


XS 


r“ 




u 


3... 


dr(rr Pn^A5(0?^^f;(r/ j 

x^’ 3tP 2 If U) I -li -If t 'w (I } i) 

Po { O 00 J ’ 

v/here s is the first non-zero term in the expansion given in Eq 
The cross-section is; 


(64) 


(65) 


(66) 


(67) 


s urn' i n 


( 68 ) 


. ( 62 ). 
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k,-K 




(69) 


Noting that the K-dependence is isolated, we may write 

..a> 


Q BetU = i'Kt) 2) ^-3 d K I I 


(70) 


To evaluate we note the following expression from the power series 
solution of the Legendre Equation given in Kreyzig (1963) 




P(«2a,y 


t 


^ ^ ^ luar 


( 71 ) 


te<3 


4. Modified Bethe Approximation 


the results of the Bethe approximation can be improved for the 

case of low incident energy electrons by the use of a cut-off procedure 

developed by Seaton (1955). This approximation is called the Modified 

Bethe (M.B.) approximation and was first stated as follows: 

"The total cross-section Q is the sm of the components 

arising from the components of the incident wave with 

angular momentum h[)l{i+l )]'^. For these (components) a 

0 

. limiting value of is set by the requirement of charge' 

conservation (the continuity equation for the optical 

0 

model). The approximation adopted is to calculate Q us- 
ing the Bethe approximation, to accept the values obtained 





To clarify further discussion of the approximation it is useful to 
examine three concepts relating, to the approximation. 

A. In many standard textbooks, (Shift (1968), Landau (1957)) the 
scattering problem is discussed from the position of resolving the 
initial state into states of definite orbital angular momentum. For 
elastic scattering by a spherically symmetric potential it may be; shown 
that the scattering amplitude can be decomposed in terms of angular 
momentum states in the form . ; 

CO 

i-'O . , , 

where 6 ^ is termed the phase shift. . 

Inelastic scattering may be described by use of a complex potential 
(i.e. an optical model potential). Applying the method of partial 
waves to 'such a model results in complex. phase shift The 

elastic, absorption, and total cross-sections may be written/in terms 
of these' phase shifts.. Introducing Sjj^=^exp[2i6j^] the expression for the 
absorption cross-section is: 

2 . 

Since |s j cannot be less than zero the partial absorption cross- 
section has a limiting value expressed by the relation 

[(fJ ^ 

(If a scattering-matrix formulation of the problem is made, the same 
condition is contained in the requirement of unitarity of the S-matrix. 



Hence Eq. (74) is sometimes referred to as "the unitarity condition".) 

B. Recall from earlier discussions the Bethe approximation is 
obtained by considering the Born scattering amplitude in the form 


BoT’M ' ' j r ‘T 

and expanding the exponential. In the "exponential statement" of the 
Bethe approximations the, approximation is said to result from retention 
of the first non-zero term in the resulting series for the amplitude 


f(A, ' 


(76) 


Although this is the most common statement of the Bethe approximation, 
an alternate statement of the approximation can be presented as follows 
Consider the Born scattering amplitude in the form, 


The asymptotic form for the potential 

for large [rol is obtained from the expression 


(77) 


1 


k 




\ . K i /-i , i + 1 'J! 

“ ’ i-o C 


(78) 


That is 






I " / ^ 

Lrrr, 

r; \ 1 r*- r^ 


sc 

■)'-2 TITl (79) 

' n M. 


0 


The so called "potential statement" of the Bethe approximation results 



from approximating the scattering amplitude of Eq, (77) by’the first 
non-zero term in the series resulting from the replacement of the poten^ 
tial by Eq. (79) i.e. the first. non-zero term in the series 

i -0 Tl ' _/ 


The equivalence of the exponential statement and the potential 
statement of the Bethe approximation is demonstrated in Appendix IV. 

C. A partial wave analysis of the first Born approximation 
scattering, cross-sections is given in Appendix, V. The resulting 

expression for the partial cross-section is: 


A' 




i n) ky ^ 




|C& 


(1^ -i i) 

JSorn 


where 


(ooo i \\h 


(81) 


Notice that since the Born expression explicitly contains thd 

term r<Vr>^’*'\ we may apply the "potential statement" of the Bethe 

approximation and obtain the Bethe partial cross-section Ql by the 

p _ ^ oetne 

replacement of J3f (r^) with iff (r<,>= r(s>r<!i).lu dr, 

A . ^ ^ Tf 

in Eq. (9L) . Then 


7-»C» 


Q 


(la ) ( t i) 


(2rfi)(znij/A5iif 

/* -—•'•‘“-MS w. W 'I '1 ■ 

[o^oj (83) 


S'/)'‘/9\^\r /OBeiWft ^ ^ 

' C/Q .A 


Returning to our statement of the. Modified Bethe (MB) approximation 



the approxiination involves enforcement of the unitarity condition for 
those Bethe partial cross-sections that violate that condition. 

Let lo be a value of i such that • 




> 1. 
I 




(84) 


O L,, ( i- tv ■ 1 ^or M ^ 

Then the Modified Bethe approximation to the cross-section is expressed 


by the relation 


.A 

To compute the cross-section it is convenient to rewrite this 


(85) 


expression. Notice the following 

, I of -» 

2-1 ^ PetWc A HgetXt 


or 


Z...J * ^ etW 


Jt. 
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( 86 ) 


Q«-JL ‘ ^ 




(87) 


Also notice 

i?. 


i 


X-o 

Applying Eq. (87) and Eq. (88) to Eq. (85) we write 


(88) 


A 




(89) 


The computer program of the present calculation computes 

using the "exponential statement", Eq. (76), of the Bethe approximation 

* 

for use in Eq. (89). Only optically allowed transitions are computed 



in this approximation, (i.e. the initial and final states must be 
s-p, p-d, etc. ). . 


With the restriction to optically allowed transitions the cross- 
section expressions used in the computer programs are: 

1 ^ OO , 

^ '^O 

Q .inrr)(2l*t) r>,,f 

^ de-ihe. ^000/' lt» 




/ \ c o 0 J 


(91) ' 


where 


j^{i'±i)- Jr LdriD j , (92) 

•Jc i 

(It is of interest to notice that the scheme of imposing the unitarity 
condition to cross-section calculations was applied to the Born approxi- 
mation in 1961, (Seaton (1961)), This resulted in the “Unitarized Born 
Approximation " 5 since used in calculations found in the literature). 

5. The Ochkur Approximation 

In our discussion so far we have ignored the indistinguishafaility 
of the incident electron from the target electron. These have been; 
"non-exchange" approximations. To examine how exchange effects cross- 
sections let us return to a general formulation of the problem. 

The problem of exchange (i.e. the effects of particle Identity . 



33 


and spin) is discussed in most standard texts 1n quantum mechanics (e.g. 
Schiff (1968), Landau (1958), and Gottfried (1966)). For our purposes 
here let us note 

1) If the interaction of a system of particles does not 
depend on spin, then it is possible to write the total 
wave function for the system as a product of a spatial 
eigenfunction and a spin eigenfunction. 

2) Properly symmetrized solutions can be constructed from 
a general unsymmetrized solution. 

3) For the case of 2 spin (1/2) - particles there are 3 
symmetric (the triplet) and 1 antisymmetric (the singlet) 
spin eigenfunctions. 

For simplicity, let us examine the case of an atom with one valence 
electron outside a closed shell (i.e. Hydrogen or an Alkali atom). 

With our inert-core assumption this is a two electron system. Recall 
from Chapter III Section 1 Eq. (28) the total unsymmetrized spatial, 
wave function for this system may be written 



where To and Vi are the position vectors of the scattered electron and 
the valence electron respectively. The summation P in Eq. (93) is over 
the complete set of states (continuous and discrete) of the atomic tar- 
get. 

Following the procedure of Chapter III Section 1 we find the 
scattering amplitude (and from it the cross-section) by examining the 



asymptotic behavior of the total wave function of the system. Since 
there are two electrons we require asymptotic forms for the exact 
unsymmetri zed wave function ^(rosr.i) when is large and when r\ is 
large. These asymptotic behaviors are: 


? ri) t:;-: $ ( rt) e/p (i t- ^ ^ P < i (-n-)f/0(94) 


'? [ ft ' P ( ^ 

where f , and f are the direct and exchange scattering amplitude 
d e 

respectively. (Schiff (1968)) 

Using the singlet and triplet spin wave functions it is clear that 
the triplet is symmetric and must be multiplied by an antisymmetric 
spatial wave function ('i'(ro,ri) - yCrijro). Similarly the antisymmet- 
ric singlet spin eigenfunction must be multiplied by the symmetric 
spatial function (’i'(ro,ri) +H'(ri,ro)). 

The asymptotic form for large values of one of the arguments 
(because of the- symmetrization either will do) say To, is given by 


(i kff.) [ I. ^ 


(96) 


Using the fundamental postulate of quantum mechanics (see Huang (1963)) 
that all spin states are equally likely to appear in the collision, 
the differential cross-section must be computed with the symmetric 
spatial function in 1/4 of the collisions and yjith the antisymmetric 
spatial function in 3/4 of the collisions. .That is 



^ i f, (XL) t ^ ^ ) -il^ (A/- 


d A ^ 


(97) 


With this general understanding of the exchange problem let us now 
examine an approximation due to Oppenheimer (1928). Analagous to the 
Born approximation given in Chapter III, Section 2 Eq. (39), Oppenheimer 
assumed that the exact expression: - 


? [ FAr;)^^ (r7> ± F (V 


(98) 


could be approximated 


(99) 


With this approximation it may be shown (see Bates (1950) that the 
direct amplitude may be written 

(i • C’) \^^(^> (100) 


where 


9,*<V 


and the exchange amplitude may be written 
f (A) . (J:,)' fdcir, 

, ‘ / j j 

X — exp (-i K) ^ ( <7. ) ■ 


(101) 


( 102 ) 


The extension of the above formulae to the 3 electron case is 
straight forward but tedious. The 8 spin eigenfunctions for a three 



electron system and a derivation of the scattering amplitude for an 
elastic collision of an electron with a Helium atom is given by Schiff 
(1968) in Chapter 10 of his book. 

The direct and exchange scattering amplitudes for a Helium-like 
system are: 




( ^r) exp ( f [f<[- 1C] • ] V]r (U 


(103) 






J . ... . 

in - Tjt In-rj 




(104) 


and 




(105) 


This Born-Oppenheimer approximation to the exchange scattering ampli- 
tude, , . gives rise to cross-sections which violate the 

requirement of detail balancing, (i.e. |Hpj| = |Hjp| ), (see 

Segre (1965)). In the literature this has been referred to as the 
"post-prior" descrepancy. It has been shown that this problem arises 
from the non-orthogonality of the initial and final state wave func- 
tions (see Rudge (1965)), 

The Ochkur-approximation is an improvement on the Born-Oppenheimer 
exchange. amplitude which removes this descrepancy. In his original 
work Ochkur (1964) examines the exchange amplitude for Helium, Eq. (105) 
and notes that "the collision of an electron with an arbitrary atom can 
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be carried out in a completely analagous manner.** 

, Briefly Ochkur expands the exchange amplitude in a power series in 
(1/kj) and retains only the leading term. (This expansion is given in 
Appendix VI). The resulting approximation tq the exchange amplitude 
is: 

c/ 

Notice that the "direct" scattering amplitude given in Eq. 

(103) is the Born scattering amplitude, discussed earlier in 

Chapter III, Section 2 Eq. (51). Further the Ochkur exchange amplitude, 
f^, of Eq, (106) may be written in terms of the Born amplitude as: 

k" 


f, 




- f 


(107) 


where 1< = 

Recall Chapter III, Section 2 that in the present calculation we 
are making the inert-core-acti ve-electron approximation. In this 
approximation all target atoms are treated as one valence electron 
systems. Returning then to our earlier discussion. we define 


dq i 




(108) 


and use Eq. (97) to write . . 

is. , Yii) / iq JQ 

J ru , ' A- ' J n ^ ,t / 
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(109) 


Then in the usual manner (see Chapter III, Section 2) we may write 


Q = k| jji iQ , /^yf 

'^'=J i KiVj 


Kat<r 45 


(no) 


dK 



where 


dK 






Ji 


on) 


Let US again measure cross-sections in units of -rrag^. Then the total 
cross-section is written 

■ 

This IS the Ochkur expression used in the present calculation. 

Let us note here that it has been observed by Rudge (1965a) that 
the approximation of Ochkur is "in a certain sense incorrect". Speci- 
fically, Rudge has shown that the Ochkur expression cannot be obtained 
from a variational principle. However, the Ochkur approximation does 
overcome some of the difficulties of the Born^Oppenheitner approxima- 
tion. For that reason it Is still used to incorporate exchange. Rudge 
himself provides Ochkur calculations in his ionization review paper 
(see Rudge (1968)). He observes, "The derivation of Ochkur's result 
is of an ad hoc nature and it Is not altogether clear why it yields a 
marked improvement over the Born-Oppenheimer method." 

6. Summary of the Excitation Cross-Sectiori Expressions Used 
in the Computer Programs. 

In summary^the final form of each of the four approximations dis- 
cussed in this chapter and used in the calculation are given below. 

Some of the Fortran variable names, will also be given for 


reference. 



A) Born 


where 


Qeorn' »< 

-/k-i-k-f . . 


( 113 ) 


(114) 


B) Bethe 
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(115) 
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C) . Modified Bethe 
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(117) 


and where 




(118) 


D) Ochkur 

Qorbkuf’ 


1 






where is as given above. 

The program listings and a discussion are given in Chapter V., 
Section 2., Some of the Fortran names used for the variables in the 



above expressions are: 
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Si 6 
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P ^ 
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K X 
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It may be shown (Gottfried (1966)) that for a potential U(r) the criterion 
for validity of the Born approximation is 




£X|7 i i ktr; 


•Jin ( i<iT) 


U(r) Jr I << 1 



Gottfried argues that for a neutral atom of charge Z (in some cases an 
effective charge) this condition is equivalent to 

2 r*E < <- 1 & . 

where is the Rydberg. An upper limit of E is set by the fact that we 
are considering non-relati vistic electrons and therefore E«mc2. Hence 
the region of validity for the Born approximation in eV is 

('■2:)(3.7} « -j p << 'K,| ^ 10^^ o<' z -i.-", ^ou 


Gottfried notes that "the Born approximation actually leads to consider- 
ably more accurate inelastic cross-sections at low. energies than one 
would surmise from this inequality." 

The Bethe approximation assumes the above condition is satisfied and 
furthermore assumes that 



s is the power of the first non-zero term in the Bethe series (Eq. 62)= 
The Ochkur approximation must satisfy the Born criterion, and the 
Modified Bethe approximation must satisfy both the Born and Bethe 
criteria. 

The expected validity of the results- for the specific calculations 
of this paper will be given after some of the results are considered. 



IV, IONIZATION CROSS-SECTION 

1. Relationship to Excitation Expressions 

The problem of electron collisions with neutral atoms causing ioni- 
zation is both similar and dramatically different from the problem of , 
excitation. It is similar insofar as we can state ionization as "exci- 
tation to the continuum". Having noted this, much of the earlier 
discussion of the excitation problem (and many of the expressions de- 
rived) may be applied to ionization, but with caution. 

The ionization problem is dramatically different for two reasons. 
First, the continuum state wave functions only have specific states 
associated with specific wave-^vectors Therefore, an ionization 
cross-section is excitated to a state with specific direction. Second, 
the electron that is ionized (secondary electron) is indistinguishable , 
from the scattering electron and this must be accounted for in the 
computation. 

2. The Born-Coulomb Approximation 

The most commonly used approximation to the cross-section for elec- 
tron impact ionization of neutral atoms is the Born-Coulomb approximation 
This is an approximation of the cross-section by the Born-approximation 
derived earlier, with the final state of the atom (the ionized electron,) . 
described by a Coulomb wave. 

Consider the system of an electron with a wave vector tj incident 
on an atom described by the atomic wave function In this system the 
electron is scattered into a direction (sip) with a wave vector kp and the 



atom is ionized's emitting a secondary electron into a direction 
with a wave vector Let us derive the cross-section for this 
collision. 

Using the Born approximation (i.e. describe the primary electron 
by the plane waves exp(iikj-r) and exp(-itp*r) and the inert-core 
approximation recall: 


' (hll 


where 


(fzjjcir exp(ii<.r;v^.(r^; 

Let, us assume the atomic wave functions are of the form: 
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To integrate Eq. (121) choose the z-axis along the K-direction and 
recall 
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Using the addition theorem to write 
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then Eq. (121) may be expanded as 
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To find the cross-section we require 
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This would allow us to calculate the cross-section for the colli- 
Sion. But the totalionization cross-section would be for all allowed 
values of the secondary wave-vector. That is 
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where for a given initial state of the atom and a given incident energy 
of the primary electron is determined by the conservation of energy 
for the condition of the primary electron at. rest. That is, 

cHiax = c _ r 

^i ^ionization * 

We may rewrite Eq. (128) as 
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Using Eq. (127) and noting 
we can sum over LeMe and write 

, ! f ( dil,^ I f (K,VJ|^ l-^) 
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averaging over m:j we write 
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i?('^eX«i}l?(iAjs,)y < lem,i Aoi }• M,)<fj Wj 1 AO |4<wt> 
With Appendix III we can write 
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summing over A In Eq. (132) we write 
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In summary, the total ionization cross-section in the Born- 
Approximation is: 
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Where in atomic units is 
• e 
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However, as mentioned earlier we must account for the secondary electron' 
being indistinguishable from the primary electron. As discussed by. 


Rudge (1968) this may be approximated by setting equal to 


-max 


Then 
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3. The Expression Used in the Computer Programs. ■. 

In. summary^, the expressions used in the calculation are given below, 
Some of the Fortran variable names are also given. 
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The program listing and discussion is presented in Chapter V, Section 3. 
Some of the Fortran variable names are: 



V. COMPUTER PROGRAMS 


In this chapter the programs themselves will be presented. For each 
of the three programs used in the. calculation (HFSWFs EXCSCT., lONCST) a 
program listing is given, and some details of the program are discussed. 
The information on how to run the program is given in Appendix Vll—User 
Manual. 

1. Wave Function Program 

This program, named HFSWF, is a self-consistent field calcu- 
lation of radial atomic wave functions. The program consists 
of a main routine and a subroutine SCHEQ. 
a) • Listing. • 
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.,■^..,.■ 48 ,,. 

PROGRA!^ JiFSWFUNPUT) 

« ■ ■ ^ ' 

O « « « HFSWF a}f « .' * ■ 

. , ■,>$(, 

^ fl FQRTR&fM PROGRAM TO CALCULATF HARTRE E-FOCK-Sl ATFR ^ , 

* MUMERXCAL WAVE FUNCTIONS AS PUNCHEO CARO OUTPUT^ * '. 

0 ITERATION NUM 8 FP ^MEASURE OF S£ LF^CCAS I S T ENC V AND * 

>> ATOMIC NUMBER Z ARE ALWAYS PRINTED ON-LINE » « 

. . ■ • , , ■ 

* £F KEY=0 normalized NUMERICAL ATOMIC POTENTIAL IS ^ 

READ IN AS.no VALUESjFVFRY 4TH MESH PCINT l.TO 437o* 

P ■ I , . * • 

if KEY=1 COMPLETE ATOMIC POTENTIAL IS READ IN (437PT)* 

* If KEY=2 EXTRAPOLATE STARTING POTENTIAL . . 

’S' MAXIT=MAX IMUM NHoOF I TE P ATI ON S( MA X t T=0 IMPLIES 20 ) o 

^ IF KUT=OcMODIFIEO H-F«S POTENTIAL TS USED IN WVo-EQo 
P IF KUT = IuUNMOOIF lED H-°F<-S POTENTIAL IS USED IN WV.“E0* 

^ IF NOGOPY^O, ACTIVE ELECTRN WAVE FUNCTIONS ARE PUNCHED* 

P IF NOCQPY=i ALL WV-* FNCISo AND SELFoCCNS I STENT * 

P POTENTIAL .ARE PRINTED ON^LTNEo * 

* PROGRAM AND SUBROUTINES * 

P . nR,IG,INALLY WRITTEN BY . 

P SHERWOOD SKILLMAN,PCA«LA 8 ,PRINCETCN NJ^SPR 1961*/ 

P MODI FI ED BY * , ' - 

* tl)FoHERMAN?RCA-LAB, PRINCETCN NJ^SUMME.R 196T ' 

( 2 IRoKGR TUM, LCKHEED RSRCH-«LA.B sPALG ALTC,SM 1962*. 

P <3)TcGREENE»UNIV*CF TCLEDOnOLo OH 1 0? F A.LU971 ^ 

A**,#*** »#**#♦#**«**<•**«<»*♦ **<i**#JS:# sjt*# ^ 

DIMENSION X<E 2 U, RSCORF(521), RUIMU52n, RU 2 ( 5 2 If , RU( 52 1) » NNL- 
12(2419 R(521)9 RSVALE(5?U9 RUFNLUSZDv RlJ3(52n9 X I { 52 1 ) ^ W W NU 2 ' 
24lp V(52np RSAT0 m( 521)9 RU1NL2(521)9 XNUMf 52 1 ) 9 X J I 52 I ) , NKKKI24f 
3v EEC24f9 RUBXCH(52i), RUfNL2(521), DENM(52n» SNU109521)9 SNLQ<5' 
451)9 A (495) 

CCMMON V 9 SNLO 9 R jRSCnRE9RSVAie9PU9RUE XCH 9 XI , X J, RS AT CM? SNl » RUI NL I 9 RU 
IFNI.URUINL 29 RUFNL? 9 'RU 29 RU 39 NNLZt'wwM 9 NKKK 9 EE, A ' . v 

equivalence (RSCORF 9 XNUM) , (RSVALE 9 DENM ) 9 (CQ 9 RSATGH) ' 

NFSLFS=0 • ■ • 

1 CONTINUE ' ■ . , 

■ READ HEACING CARD- 
RE AO ' I 5 9 13 8 1 

WRITE (fc9l38) , ' ' 

C REAO CONTROL CAROS AND 1 NPUT POTENT! AL S o CALCULATE TR I AL PGTENTI.AL 

c 

NCAROS=SO ' 

PR IN? I32v KEY 

READ ( 59 I 3 I ) key nnLvTHRESH .MESH 9 I PRATTv maxi T, NaC0PY9 KUT, I P^.IM, I Rp . ' 
. IIC9DeFOLT.9JE. • 
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If ^DEFOITJ 2*2,3 

2 KEY =0 
TOL^oOOl 

TfRESH=cC0C0l ■ . 

IPRATT^I 

■M^XIT*20 

WGCOPY=i 

■ K<UT*0 

■ SP^6 
m=b 
,ER = 5 
U-=7 
JE^l 

■ . GC TO 5 

3 If (MAKm 

4 f^^)UT=2C 

5 CCNTINUe 
NeLQCK=3F^ESHJ/40 

CCNSTRIUCT J< MESH AND R MESH 

I = I 

K<n=o«o 
RiU^Q<.0 
DELTA)(=C«OC25 
CO 7 J sunblock 
DC 6 KsUAO 
I* 

6 XlDsxn^n+OELTAX 

7 C£LTflX=CELTAX+OELTAX 
IF (Kev=n 9*10,8 

8 READ UR*129I <RU2(MJ ,^=1,441) 

READ (IR*129) (RU3fMUM = l,44i> 

£E2s^RU2U )72oa 
ZE3=‘=RU3Ul/2oO 

GO TO U 

READ IN ATOMIC POTENTIAL 

9 READ nR*124) (R U2 ( M ) 1 ,4 3? * 4 ) 

GO TO 11 

10 READ URa29) IR 03 ( M i, M= 1 ,44 U 
Z£3=«RU3a>/2oC 

11 READ UR*125) Z , NCORE S , NVALE S , ION 
If. 120,1,1.2 

•12 Nf ILES=NFILES->1 

AZsZ, ' ■ - 

IZ=Z 

NCSPVSsNCORES^NVAl E S - 

CsCo 88534138/Z** { UC/3oO) , 

TV(OiaN=ION + ION 
ZZZsSON-U 

CC 13 1=2, MESH 

13 R I n=c*x « n 

READ HR, 127) (NNLZ ( I ) , l*WNL ( I) ,.Ef I 1) , I , NC SP VS ) 
.WfeWsOoO 

CC 14 I=1,NCSPVS 



14 U ) 

IF I ABS C-l«^^^»Z;z>“OoOOU 16,15„15' 

15 PPINT 12^9 WWW, Z2Z,Zi>NC0RES, NVALESpNCSPVS ' 

. CALL eXIT . 

16 CGNTSNUE 

IF ^KEY^U 21,26,17 
C , 

C CGNSTRUCTT ATOMIC POTENTIAL 

C 

17 IF «ABSUE3«^2E2-Z4?F3J«0o00n 19,19,18 

18 WRITE I IP, 139) Z,2E2,2£3 
CALL 'EX ST 

19 .EC 20 I = S,A.41 

RliCS i*RU3I n «RU3 ( n-RU2U ) 

20 CONTINUE 
GC TO 21 

21 TW0Z=Z<-2 

CO 22 I = 1o<i379A 

22 Run )=^RU2U I'^'TwnZ 
RU(4AU=RU<437) 

RU(4451=RUI437) 

Ms<} 

-CC 25 I = UA37,A 
SF (M) 23,2A,24 

23 RL n-m = I22oO*RUn H-lloO#P.U(I f4)»*«RU< I + fl) ) /32 ;o 
RUn<'2I^U0o0*RUn)^l5oC*RUtI+4)-«Run-s-B) )72A„0 
RU(!^3)*I6oO«RU( U>27oO*RUn+4)«RU(U8') ) /32o0 
M*9 

GC TO 25 

24 'RUU «1 S = 4 2U,0>*'RU ( M +14o C*RU ( I ^4 ) =3 oO^RUI H-8) ) /32 oO 
RUU <‘2) = (I3cO*RU( I) +6,0*RUU +4) -P.Ui I + 8».) /8«0 

RU 4 1 I ) t 30«0*RU< l+4)“3oO*RU( I4-8 ) ) /32,0 

25 CONTINUE 
GO TO 31 

• 26 IF 4 ABS(ZE3«n«0o00n 27,27, 29 

27 CC 28 1=1,441 
RUI 1 )=RU3I I ) 

28 CONTINUE 
GC TO 31 

29 7GZ=ZyZE3 

EG 30 1=1,441 
RUU S=RU3{ n*zoz 

30 CONTINUE 

■ 31 ■ vm=«9.«SE35 

N=MIN0I441,MESH) 

IF IKUT) 32,37,32 

32 ec .33' 1 = 1, M 

33 vm=RUHJ/R(n 

IF' li^ESF^M) 34,34,36 

34 CC 35 1=442, MESH 

■ 35 VU)=‘=*TWO!ON/R U I ' 

36 LIMST=M 

SCUT=MESH 
IC=MESH 
GC TO 4? ■ ■ 

37. CONTINUE 
' . . .,SCUT=0 ■ 

CC 42 1=2, M 
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: . 51 , 

IF ( ICUTS 38p3'85'^0 ^ "'■', ' . 

38 IF iTWOZZZ^RUUn 41t,41»3<; 

3^ !CUF=| 

40 VSn=“?WOZZZ/R(I ) 

GO TO 42 

41 vns=RUim/Ru ) 

42 CONTINUE 

IF nCUn 43v43»44 

43 SCUT^rM 

44 LII^IT^XCUT 

IF (M£SF«M& 47„47,45 

45 CONTINUE 

00 46 II = 442c^ESH ' , . 

,46 VSn==='TW02ZZ/«n ) 

47 CONTINUE 

CELTA^lCOOOOOo . , ’ ' 

NJTER=0 

•NCNNON=s3 . ’ 

2P'RSb3=Q 
, PR INT 133' 

ST^RT HERaTION 

48 MCARXS««3C ■ . ' , ‘ ' 

IF (MAX n«=NITER ) 49»5l951 

49 CONTINUE 

fclRITE MP'a4C) . '■ ■ ' " 

CC 50' IslpMESHjS ■ . ■ ■ , 

WRITE UP? 14 n I ?X( n 9 »U 3 ( I ) ,RUI NLl ( n , RUFNLU n 9 RUI M 2 ( I ) 9 RUFNL 2 ( 

m^Run ) ' ' 

50 CONTINUE . ' 

GO. TO U 

51 CO 52 ! = UMESH, 

• , PSCORE3 n = Oo.O 

52 BSVALE? a MOoO 

■. SOLVE SCFROEOINGER EOU&TIGN for each ORBITAL IN TURN 
CALCULATE CORE AND VALENCE ELECTRONIC DENSITIES 

CO 59 M=lpNCSPV5 
E = EE(MJI . 

NN==NNLZ (N) VIOO 
LAM-NNL7, <N J /lO^lC’^'NN 
XL^LAM 

CAii SCHEO (Z9E 9LAMpNNpKKK»NESH9C,THRE SH) 

, IF 5M“NC0RESI 63953955 

53 CC 54 I=1vKKK ■ . . . 

54 RSCQREU NRSCORE ( n *WWNL( M)*SNL0( n *#2 
GO TO 57 

55 CO 56, I=1VKKK 

56 RSVALE ( n=RSVALE ( I) +WWNU N!)^SNLOM )^*2 

57 CC 58 I^loKKK 

58 SNL(Ni7l ) = SNLO( n 
NKKK«NtJ = KKK 

NCAR0S-MCAR0S^2<-< (KKK“U /40)*a 

.59 EEiNJ^E 



onri r» o 


■ ■ , 52 

CALCULATE TOTAL ELECTRONIC DENSITY AND ATQMC EXCHANGE POtENTIAL; 
DC 60 l = l,sMESH 

RSATOM 5 ! 3 =R SCORE m+RS VALE n ) 

60 RUEXCH< I J=«^ 6 o 0 * ( I 3 , 0 *R ( I) *R S ATOM! I ) J /3 1 5 , 3 2 734 ) ( 1 o 0 / 3 o 0 » 

calculate' atomic CGULQMB POTENTIAL 

A 1 = 0«0 
ASUM^Oob 
ET-OoO 

esuM= 0 o 0 ' , , 

K= 0 o 0025 *C 
S = £ 

Kfm^OoC 
XJtU = C«C 
CC- 62 J^^UNRLOCK 
CO 61 K=l 540 

A2=RSAT0MI n/2.,0 

e 2 =RSAT 0 M( n /( 2o 0*R n > ) 

81 = 81^62 
Kill ) = ASUM«A'l»H 
KJ O J~BSUM<-B 1 =«'H 
■Al=Al^A 2 

61 ei* 0 i«-B 2 

ASUM^KU U 
esuM»xj u » • 

AI*A 2 
ei*B 2 

62 

, CC 63 != 1 ^MESH 

X l( n^= 2 o 0 *Z^ 2 « 0 * ( XI n ) ^-Rd )*( XJ( MESH) «XJ( n ) ! 

xj.u )=xi,u,HRuexcH( n 

63 CONTINUE 
CO 64 - I^UMESH 
RUINCU n=RUINL 2 ( n 
RUFNL H 1 )=RUFNL 2 U ) 

RUINL 2 I n-RUU ) 

64 RUFNL 2 fi I S==XJU ) 

NIT£R=N 1 ITER + i 
PCELTA^CELTA 
CELTA^OoC 
DC 66 I = ULIM,IT 
SNLO 1 1 J=RUU )-XJ < 1 ) 

X m I = ARS 1 SNL 0 (in ’ ' ■ 

IF IxnU^DELTA) 66 , 66,65 

65 CELTA = XH n ■ 

TDELTA^I 

66 CONTINUE. - ■ , ' . ' 

PRINT 3 L 28 p. N ITER-,/., DELTA nnELTA,X( IDELTA ), I CUT, xn CUT) 

C , . ■ 

C TEST SElF«CnNSISTFNCY OF ATC^IC POTEMIALo ' 

c ■ 

?F ^DELTA^TOL ) 106 , 67,67 

c- . ■ , ■ 

C IF SCF CR^TERIO^f NO T SA T I SF I ED , . CALCUL A TE NEXT TRIAL POTENT! 



u u u u u u t? 


67 IP i IPRSW) 68,68,73 

68 CO 69 LIMIT ^ 

69 Rinn^Oo5*<p.unH^«j(n) 

, EP (MESH-^^LIMIT) 72,?2,7G 

70 RUZM’XJ(MESH) 

R^TS0=«RU7M-RU a IMI T)) / (RUZM<-XJi LI MI T1 ) 

CC 7i E-LiMIT,ME<;H ' , ‘ 

71 RUU J=RUZM-RATTO* (RUZM«XJ( n ) 
lsmxt=mesh 

72 !PRSW=1PRATT 

GC TO 93 > 

73 CONTINUE 

!F (NONMONi 68,68,7A 

U IPDeLT&»"OELTA) 75,75,76 . ' 

SF DELTA IS NOT MONDTONTC DFCRE A SI NG F CUR T I ME S, 8 YP AS S, 
PRATT TMPROVEMENT SCHEMF ' 

75 NONMaN=NONMGN<^ I ' 

If (NONMON! 68,68,76 .. 

76 ALPF=^Oo 5 

PRATT IMPRQVeMFNT SCHEME 
CC 8A E*2,ICUT 

KNUM ( I (*RU INL I ( I )*RUFNL3U I-RUTNL2( I I *RUFNLI ( I 1 
C£NM (I )sRUFNC2( I I=»PUFNL 1( I ) «P UI NL2 (I K RU I Nil ( I ) 

If (ABS(CENMn)/RUINL2(m«0p000iJ 7?,77p78. 

77 continue 

ALPH^O, 5 ■ 

GO TO 83 • 

78 ALPHatXNUM(n/DENM(n-RUFK)L2m>/SNLC< n 
If laiPF) 79,82,8C ' 

79 ALPH=OoO ■ ' 

GO TO 8 3 

80 IF (0<,5<=-ALPH) 81,82,82 

81 ALPH^Oo 5 ' 

82 CONTINUE 

83 X!(I)=ALPH 

8« CONTINUE ... 

IPR5W=IPRSW-1 
IF (KUTJ 87,85^87 

85 CONTINUE 
IC=!CUT«20 
IC1=SCUT-M 

A0EL = X I i SCUT)/20» 

DO .86 i = ICl, EG , . 

X H U' = XI « I«1 )«AOEL 

86 xjm-xnn 

87 CONTINUE 
xjm=o.5 ■ 

XJ«20 = KI:?2) 

ASUM^XH2J <i-Kn3) 4XU4) + X! ( 5) 

OC 88 r=3, ICUT 
XJl n^ASUM^'Oo? 

88 ASUM = ASUM«xn I°2 )4X1 (T + 3) 

IF IKUT ) 91,89,91 

89 continue 
■ SCl^lCol 





DC 90 f^lCivMESH 
KjaJ = CoC 

90 RUU 5=RUFNL2U 5 

91 CCNTJNUe' 

CG 92 E-2vlC 

92 RGU5=RUFNL2US-4-Xjn)«SNLC(n 

93 CCNTINUE 

IF (KUTt 9«ff96v9A 

9V KUT=MESH' ... 

LIM?T=:MESH . 

CO 95 5^29M6SH 
VLAST = vn) 
v<iNRU(n/R<n 

95 XI ( n*v< n^vLAsr 
. GC TO 102 

96 continue 

ICUT^O '■ ■ 

CO 101 l*2oWESH 
vLAST=vrn • 

!F t ICUT ) 97o97,99 

97 If . (TWOZZZ^RUn ) ) VOO^lCO^Sfi 

98 ICUT=i 

99 VI n««ThOZZZ/R n ) 

GO TO iCI ■ 

IGO VUJ*RU(n/R(I ) 
aoi xiu n=viAST 

102 CONTINUE 
X5M)='0^C 

NEXT TRIAL EIGENVALUES PREDICTFO 8V PERTURBATION THECRV^ 

■ NCARDS*9C 

CC 105 l« = l pNCSPVS 
K=:fNKKK(NS«n/AO 
H^0o0025>!'C 
ASUM=0^0 
Al*CoO 
1=1 

CO 104 J=lcK ; 

CC 103 L=l54C - 

A2*x:u n*SNL«N,n<'*2 

103 Ai = Al4-A2*H , 

ASUH=ASUf^^^Al<=I A2/?.0I^H 

104 Al = JA2/2oO)’®<> 
fE(M') = EE<N)+ASUN 

105 NCARCS=NCARnS«!“8<'K + ? 

GO TO A e ' 

WEEN NOCOPY^l ALL RESULTS TRANS FROM INTERN REMCPY Tc PRINTE 
WEEN NOCGPY=0 OUTPUT IS LAST' ORBITAL WV^F^CTo ONLY 

106 CONTINUE 

8F tNOCOPY) 107,114,107 

107 CONTINUE 

PRINT 130s NCARDSpMCARDS 
'• N'C=l 
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yPHTE UM,135) ?,NCOHe5,NVAL6S»ICN}9l^^ NC 
DC 110 

IF (TwoioN<“RuiNL 2 {i n iiCviioaos 

108 CC 1C9 ^441 

209 RUINL2«M !=-TW0IQN 
GG TO 111 
11,0 CONTINUF 
'ill CCN?!NUF 

OC 112 HIN-U44095 

MflX=NI!i\)«4 ■ ■ 

NC=NC^ 1 

WRITE (RUIML2( M) NfVAX) pi I, NC 

ii2 continue . 

WC=NC^1 

WRITE .UF^9l37) R UI NL2I 44 1 ) „ I 7 , NC 
CC 1 14 M = lpNCSPVS 
IVL7=NNL2«MJ ■ 

KKK^NKKKlf^l 

Xt--NLZ/1C«10*«NL7/100) - < . ' 

ILP = KL^-loO ■ ■ 

NC-NC^'l 

WRITE nMpl34) NLZ pXLpEF r V) ,WWNM M) pKKKp 17, NC : 
K3^KKK«1 

nC, U3 NINt=l«Kl,5 
NC^NC^l. 

WRITE UM;136) ( SNL ( M, I ) , I =M1 N , M&Xl , I Z , NC 
U3 continue 
NC=NC* l 

WRITE ( IM 9 I 37 ) SNUMpKKK) pIZpNC 
U4 CONTINUE 

IF (KEY«l) 115,116,118 
.115 KEY^l 

U6 'CO I 17 I=;=l9MFSH- ^ ■ 

117 BU3?n-=RU5 I) 

ZE3=Z 

GC TO U ' , 

U8 CC U9 1 = 1, MESH 
RU2<n=*RU3in 
U9 RU3U )*RU« n 
ZE2=ZE3 
ZE3 = Z 
GC TO 11 
120 CCNTINUe 

PUNCH GROUND STATE WAVE FUNCTIONS 

Z = i&z 
,NC = 0 
M=NCSPVS 
. 'KLZ-NNLZ<M J 
KKK=NKKK4M) 

XL=NLZ/1C°10*(NL7/10C) 

, NC^NC-frl 

WRITE MDc»142> Nl Z , XL ,F F I ,m) , WWNLI « ) , KKK , Z , I 2 , NC 
K1=KKK=>1 

DC 121 MTN=l,Kl,5 
NC=NC«1 . • 

,M^IX=MIN<'4 
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. 56 . 

WRITE- UDo 1361 S T » NvMAX) 1 1 

121 CGI^TIMUE . 

.WCrlM'C^-! 

WRITE- (MIG, 137) SNL't M » KKK ) » I Z ,NC ' 

C4LCUIATE EXCITED STATE WA VE FUNC T I CNS , 

GC 123 KC=1,JE ' , 

. -M=NCSPVS-frl 

READ T IR9127) NNLZ(J^)vWWNL(M) ,FEiW) " ' ; 

WWW-=OoO 

WWW^WWW-frWWNL ■ ... . „ 

E=EEIM) , ; ■■■'‘ V- 

,WN=NNtZ«M)ZlCO 
LAM=!S![\iLZ (M ) /10“10*NN 
XL=tAM 

CALL SCF:EQ ^Z,E9LAM9NN,KKK5 ^^ESH,Cv THRESH) 

PUNCH EXCITEO STATE WAVE FUNCTIONS 

NC=0 . ' ■ 

i«=NCSPVS + l , ,; 

■ NLZ=NNLZ!M ) ‘ 

XL*NLZ/IC‘=IC*<NLZ/10C) ^ 

NC*NC-M 

WR ITE UD, 1^2) NL7 ,XL%EE( M) ,WWNL( M) pKKKp Zt ! Z, NC , !' 

Kl=KKK=»l 

CCl 122 MIN^l,Kl,-5 ■■ ■ 

NC*NC«l 

V .. 

WRITE nca36) (SN'tOd) ,T*M|M,PAX) pIZtN'C ''' 

122 GCNTINUE 

NC'*NC4-1 . \ 

■WRITE nC,l3T) SNL0<KKK),IZ9NC 

123 CCNTENUE 

' CALL EXIT ■■', ;■ 

124 FCRMAT tF8«59*5F7o'5) 

125 FORMAT IF4oC93I4) 

126 format ? 6H WWW== FA^Op^H ZZZ= F4..O96H Z= FA^OplOH NCGRE'S = 14 9 1 IH' , . 
1 NVflLES= lAjllH NCSPVS^ T4/25H CONTROL C ARDS - 1 NCGRR ECTo ) 

127 FORMAT ( i4 p F AoX 9 F8. 4 ) 

128 fO-RMAT U7fF7<, Cv iPE 14o 790P2(I69 FRo3) ) 

129 FORMAT UPElSo 7fl 1P4E14. 7) ' 

130 FORMAT UOH NCARDS^ I4,10H MCAR0S=I4) ; 

131 FORMAT U4p2F8o6ollI4) 

132 FORMAT (EH KEY = 14) 

133 FORMAT I6 H ! TER p 7X p 1H7 9 4 X5HDE L T A , 7X ,30H H DEL) XfOEL) HCUTS XT 

ICUT)') ■ ■ ■ .'■ 

134 format U49lP3El4o.79l49 lPFl4.7p8X,lHZ9l3,I4) 

135 FORMAT S F4 o 0 9 3 1 4 9 56X , IH Z, I 3 , 14 ) 

136 FORMAT UP E l5o 7 9 IP 4£ 14 , 7, 1X» IMZ , I 3 p I 4) 

137 FORMAT UP E 15. 7 , 57X 9 IHZ 9 1 3 , 1 4) . 

138 ■ FORMAT' H2H 

■ I ) 

139 FORMAT I27HOSTARTING POTENTIALS AND Z^9F4o099H IN ERRORpZFAoO) 

140 format UOHH 9 XjRUBpRUl NLl 9RUFNLI9RUINL2 9 RUFNL2, RU ') 

141, FORMAT U89F10.49IP.6E16U) . ' ' . ' 

142 FORMAT 04 p IP 3E 14 , 7 U 4» GPF 4 0 C9 1 8 X 9 IH Z9 I 3 9 1 4 ) 
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57 ■■ 

END ■ , ’ . . ; . ^ 

SUBROUTINE SCHEQ ( ZZ 9 FN , LAMBDA ,NOF I, KKK , f^E SS p SCf« T HRESHi 

SUBROUTINE' SCHEO 

COMPUTE ENERGY EIGENVALUE AND WAVE FUNCTION ‘ ' 

ORIGINALLY WRITTEN RV SHERWOOD SKILLMAN 
RCA LABORATORIES, PRINCETCNp NEW JERSEY^ SPRING 1961 
ROCIFIED BY FRANK HERMAN, SUMMER 1961 

FURTHER MODIFIED BY, RICHARD KORTUM AND PAUL KELLY, , LOCKHEED 
research LABORATORIES, P AL'O A I TO, C AL I FOR NT A, SUMMER 1962/ 

POTENTIAL AVAILABLE IN CGMMCN STORAGE AT STARTo WAVE FUNCTION, 
COMPUTED EIGENVALUE, AND KKK LOCAATED IN CCMMON STORAGE AT 
RETURN FROM SCHFO» - ' 

NOTATIONS ATOMIC NUMBER i ZZ-'Z) ; TRIAL E IGENVALUFI FN-E ) ^ ORBIT<, 
QUANTo NQo aAM8DA=XL) : PPINC,OUANT NC«(NCFL=N)v NOo OF MESH 
PTSo. USED FOR WV» FNCToIKKK); NO. OF INTEGRATION MESH PTSo 
|MESS=MESHJ? SCALE FAC TOR ( SC F ) ; E IGF NV ALUE ACCUP. CR I T o { t HR ES H I 

DIMENSION P«5», Q(5|, T(5), OIS) 

DIMENSION R(521), PSCOREI52U, RUINLU52U, RU2(52n9 RUISZl), NNL 
1ZI2AI, RSVALE!(52n, RUFNLKS21), RU3(521>, XI(521 )t WWNL(24), VI52 
21), RSATOMI521), RUINL2(521), XNUMfSZl), XJI521), NK KK ( 2,4 EE 1241 
3, RUEXCHI521), RUFNL2(521), OENmISZI), SNL ( 10 , 52 1 ) , 5 NLC (5 2 1) , QQ ( 
452 n • 

COMMON V,,SNtO,R , RSC0RE,RSVALE, RU,RUEXCH(^XI ,X J,.RS AT CM, S M, RU I'NL 1 , RU' 
1FNLI,RUINL2,RUFNL2,RU2,RU3,NNLZ,WWNL,NKKK,FF . . ' . 

EQUIVALENCE (R SCORE , XNU'M) , I R S VALE , DEN M ) , {CQ,RSATCM) 

SET UP CONSTANTS AND INITIALIZE 

> 

IR = 5 

IP=6. ' ' 

IM=6 

Z-ZZ 

LAM=LAMeCA ' ' , , ' 

NN=NOFL , 

MESH=MESS 

C^SCF 

MANY=20C 

E=EN 

MOREV^O 

LESSV^C 

'EMORE^CoC 

ELESS^CoC . 

MCRE=0 
LESS^O 
C€ = OoO 
NPPINT^C 
. LAMM-LAM°1 

LAMP^L AM->1 ■ . 

XLP^LAMP 

NCCR-NN«LAMP 

e=LAM*LAMP 

0C^R<2) 

F=OC 
FSQ = H«H 

B3 = IVI3)“V(2n ;H«7/HS0 



r» on oon ooo 


Y*H*H 

FLPS^^«'LAf«l«6 
: StPT=6*»LflM->l2 

EtPT"8*iAP^^2C 
Al=«‘Z/XtP . ■ ' 

VSQ=Y*Y 

AB3=aiO03 

RAISE H AND Y TO LANtfl-.l 

J-TL=H ‘ 

VTL = Y 
IT <LAH) 

1 CO 2 l = lcLAM 
TTL=HTL*H 

2 YTL-VTL«‘Y 

3 ^^1 = HS0 
BCTS^B/VSQ 
EOh=ei/T 
PTT-fl3*T 

EO3^0OTS^BOH-^3TH 
EQ^=BnhSVV<,-fraOH/2v^BTH + BTH 
EPL=€+LAM 
FPL=5«LAM 

XIFC=C'»'o217013fi9E“4 
START OUTWARD INTRGRATICN 

4 NPRINT=NPRINT-H 
£PS=E«EG 

EG«F 

Sf IMANY=>NPR INT> 5^8,8 

5 WPITE UPvSS) NNptAM»r 
CALL EXIT 

6 NST0P=77 

'7 m ITE ! IP^^6) NSTOn 
CALL EXIT 
8 CO <} l*l^MESH 

R SNLoi n=c;,c 

IF <NPRINT«1) 6? 1G» 17 
10 CCNT INUE 

CG U I=4vMESH 
CCl i >=VUH8/IR’( I)*R(l) )=>E 
1,1 CCNT INUE. 

12 M=MFSH 

CO 14 1~45MESH 
'■ IF (QOINIJ 13vl4pl4 

13 IK=M4l 
GC TO 15 

14 N=M«1 
NSTOP=521 

Q IS EVERYWHERE POSITIVE 
GO TO 7 

15 IF CMESH^IK) 16pl6plS 

16 EPS=0Q<MESH“40) 



n n n n nn oe*»nfnnnf^ nooo 


e=E«EPS 
17 CCWTiWUE 

CC 18 f=4,MESH 
, !8 ecu )^QQO }«6PS 
GO TO 12 
19 CONTINUE 
NCROSS^O 
SSGN=loC 
h^oc 

e= L AMt *LAH«-n 

B2-3oO*Z/H»e^2oO*V( 

83-(V<3}°VC2n/H "Z/HSO 
Al= oZ/ltaMol) 

S2=( AB1^B2S/FLPS 
A2=(A1’5'B1^B2 ?/(4*LAM^6) 

A3={A2*B1^A1*82+83J /StPT 
A 3- (A2«ei^-Al’i'B 2-5-83 ) /«6^LAM-M2) 

A3^BI<^A2^6 2<^AB3I /ELPT 
A3*els^A2>^'B2-^Al>^'B3^ /i a#LAM+20) 

PnJ-( U2+H*i A3■^H*A4^i M *HTL’ 

P (3 M( loC^Al>?Hfl'A2*H*#2>A3=<'H*>f'3'«-A4^H#^4 eO ) 

P KJ-( l^Co-ys^ i AUY* ( A2^Y^( A3^Y*A4) M ) *YTL 
P H )* « loC<‘Al>5'Y+A 2*Y’5‘«2 + A3* Y**3'0-A4’S^ Y>!'’!'4 
QI3)*B03*B2 

Q n )*<8^Bl>t'H^B2^H**2 + B3*H**3) /H**2 
Q^A,J*BQ4«82 

C {4 )a?B^Bl«YAB2* Y*# 2+83^Y<«*3> /Y**2 
SNLO« 2, 1«P1 3) 

SNi0n>*P(I4J 
1 = 3, ■ 

c»*oc , , . 

HS=H*P2 , ■ 

H5=Hl/l2oC ■■ ' 

T m -P T 3 P* U □ 0-H2*Q ( 3 } I 
T«4 P-P<<i pi' UoO«H2*Q (4H 
C?4P=T*4 P«T(3,P 
NC0UNT*3 
. NSNT=2 
2G-J = lol' 

IF END OF MESH IS REACHED? MOnlFY TRIAL EIGENVALUE 

IF ( I^MESHi 22?2l?2'l 
21 IF (NDCR'=>NCR0SS1 37,44?44 

RETURN. TO BEGINNING OF OUHflARD I NTEGRATI ON IF NECESSARY 

2.2 Q55S-QQI n ■ 

IF « IK=IP 14,34,>23'' 

23 CC5)=0<4p4^Hi«Q([4P*P(4P 
T(5P=0(5KT(4P 

IF tU0<=^ABS{H2*Q<5) ) P 21,2U24 

24 P«5)=T(5)/no0*«H2«'0(5P P 
SNLOn)=P85) 

IF (SIGN P 25?6v26 

25 IF (P(5P) 28i,28?27 

26 IF (P { 5 p P 27,20? 28 



27 NCR€SS*NCROS<^ I 

c ■ 

C COUMT CHANGES' IH S[GN 

C ■ . ■ 

SJGN=«SfGN . ' 

28 NC0UNT=NC0UNT^-1 

JF (T^^NCQUNT) 6,2S)b30 

29 ■ NCQUNT = 2 

■ 30 NINT=NINT-5-1 . , 

. If U0«N2NTJ 6i,31,32 . 

.31 CX = DX^OX 
H = CX 

Ki = H»*2 . . 

H2=Hl/l2cC 

NINT^O 

T 25)^P (5J*«io0-H2*0( 5) ) 

T 13 )-P ( 3 ix* 31<,0°H2 >s^Q ( 3) » 

C(5)-T^5^«T^3) 

32 CC 33 ' 

P(K}=P?K^U 

y(K);=TiK*U 

C(K)^OIfK-&U 

33 C1K)^Q1K41 > 

GC TO 20 . 

34 If <NC0UNT«2) 25v23 

35 IF 1NINT«4) 23?23t-36 

C . ■ 

C MATCHING RADIUS HAS 66EN REACHED GCING OUT 

C. ■ ■■ 

C IF NCCR NOT EQUAL TO NCROSS^ MODIFY TR I AL ? I GENVALIJF 

C 

36 ESGEN=E 

IF lNDCR«NCftOSSI 37s52*44 
. 31- MCRE=l • 

c ■■ 

C TOO MANY CROSSINGS, INC RE A SE ABSF 1 E > 

C . ■ 

MCREV = MOREV-M 
IF IMOREV^U 38, AO, 39 

38 NSTnP=5C 
GC TO 7 

39 IF 1F«EM0RE) 40,41 ,41 

40 FMORE^E 

41 IF (LESS! 42,43,51 

42 NSTOP=55 
■ GC TO 7 

. 43 E=U75^EG 
GO TO 4 

44 LES.S = 1 
C ■ . , 

C TOO FEW CROSSINGS, DECREASE ABSFIE}- 

C 

LESSV=LESSV^1 

IF, aESSV«U 45,47,46 ' ' ’ 

45 NSTOP=57 
GO TO 7 

46 IF lELESS-E) 47,48,48 

47 ELESS^E 

48 IF IMORE) 49,50,51 





; V' ■' : ' 61 ,. 

49 NSTOP=62 

GC TO 7 • ■ ■ ' , ■ ■ , ■ 

.50 E*0« 75#EC-. 

GC TO 4 

51 E=0o5*?EM0RE^ELESS) 

GC TO 4 , 

52 IF tABSiSNtO?I°in=AaS( SNL 0 U“ 2 H) . 55o56^56 . 

CFECK TO SEE THAT WAVE IS IN THE DAMPED PEGIGN' TARSOLUTE, VALOE 
CECREASING ANiO SIGNS ALIKEV ■ ' 

53 IF (P( 5 n 54ff23,55 V ■ , 

54 IF !!SNL0U“2n 57^23, 23 ' 

55 IF (SNL0U«2)i 23923,51 

56 IF Uo 0E425«ABS(PI 5) ) ) 44^44,23 

LARGE ABSOLUTE VALUE OF P IN WHAT SHCULD BE THE DAMPED REG ION ■ ■ 
INDICATES TOG' FEW PEAKS ^ DECREASE A 8 SFSET 

, 'NOW NDCR.» NCROSS AND. MATCHING R AO lUS ' L I E S ' I N . ,0 AMPEC REGION ' ■ 

57 IMATCH=I“2 
XMATCH=R U‘^'2) 

PP0UT=STI4 J=T( 2)“Oo 5*« P ( 4) «P( 2S n /H ' 

S2~PPqUT/P (3H , ' . 

SNTEGRATIOH IS 8 Y' 8 ■ APPLICA TI ONS ' OF NEWigN^COTe'S CLOSED ' 

quadrature for five INTERVALS ON EACH BLOCK ; 

XSFC «(5*H<8L0CK n/288)/2 ,H(i) .-0od025*SCALE FACTOR • 

suMi^o .,0 '■ '/'V*'", 

KIE*XIFC ’• ‘ ■' 

1=1 ^ 

VALU£-*CoC . 

58 MM =8 ' . : ■ ' . ' • 

SUM 2 -= 0 oC- , ■ ■: 

XIF'^KIF^XIF 

59 Y=VALUE . 

■ ,VALUE = SNLO^n>5)*=^2 

,SUM2 = SUM2^H9 oO')'( VALU^-^YI + lSoO*! SNLOI I + 4 ) ’X«2 + SNL0UH- U ) 4 - 50 o 0# ( SN 

EL 0 n« 2 )^* 2 «SNL 0 n + 3)*4?) 

I»!45 , • ' ■ L , 

• IF MMATCH°I) 6p62,6C 

60 

IF (MM) '6i?61,5S 1 "■ ■. ■ 

61 SUM!=SUM 2 ^XIF^SUM 1 ' ■ ■ ' ' " " 

GC TO 58 ' : 

■62 SUM1^SUMUSUM2*KIF / 

Si = SUMl/PI3)*«2. 

PMATCH=P?3? , . - 

■'■IF (NN--1 ) -6^63^64 , ' . , 

'63 K1NW = EPL<^KMATCH 

■ FOR N' =1^ START INWARD ! NTEOR A T{ ON ' A TC 8 <- L A *X M ATGH OR X MAX' " . 

J 

GO TO 65 

64 XINW-FPL<'XMATCH 



C FDR N START AT ( 5+-1. AM) * XMATCH OR X MAX SEND OF MESH) 

C ■ ‘ 

6 5 CO 6 7, T = A1vMESH9A0 ' ^ ' ■ 

IF iXINt^RU)) 6fc,66p67 : 

66 KKK=! 

GO TO 68 ■ ' 

. 67, continue 

KKK^MESH 
68 !=KKK 

CX*R<I«n=>RU) 

H=DX ' . : 

■ XlFsO. 173611 HE- l*OX " ' ^r'' 

FSQ = H*H 

HSQ12=HSO/12.0 

CS3S=QQU) • • 

P S 31=*EKPS«R5 n*SQRT (0(3) ) ) \ / , : 

suM3=p(3)yon) 
i=i«i • 

Q(<i)=QQn) > 

P ( A ) -e XP < n * SOP T I 0 ( 4 ) ) ) 

IF (fiPS(PI^) )=1.CE^35) 69,6So71 . V 

6g kxk=kkk«^o , ■ ■ ■ , . 

IF (KKK=IMATCH) IG.lC^bH , 

70 WRITE (IPp97) 7. , NN otAM, KKK 

KKK=*KKK«^0 , 

P(^)al«?:E->35, . . 

■ PO) = loOE=3.5 

71 IF (PMATCH) 7296,73 

72 ’■ 

p(4, )=«p ■ 

73 SNLOdon^^P'll) ' ' 

SNLOd i 

T (3)*P < 3)*M loO«HSQl2*Q( 3) ). . 

T<^ 1=P « A)>M 1«0«HSQ12'^OU) ) 

C(4J=T(4)«T(3) ‘ , . . 

•74 CO 76 M = 2,40 . . ' 

! = i“i 

. QS5)=00d) 

C(5)*HSG«0(‘%l*P(4)+O(4) ", , 

T(5)=DI5)*T«4) \ 

P (5 )==T (5 )/doO-HSOl2*Q( 5) ) ■ 

IF ( I^^IMATCH-d) 69T-fi,7S- 

75 SNLOd )=P(5J ; 

CD 76 K=l,4 
P(K )=P (K41) 

T(X) = T(K^n 

■ CtK6=DSK-H) 

76. QiK )-0 SK*»U ■ 

■ ■ G,I5»-OQd<^2) . ^ 

C(5)-HSQ>J‘Q<4)TP(4)-»'0(4) 

• ' • T( 5 ).=»□.( 5 HTS4) 

P'4 5)^H5I/'U.O“H<012#0( 5)) 

P (5 ) - lo G9375>«‘P (4 )+C»273437 5’4'P( 5) “0 ,546d75*P( 3 H-0 = 2 18 754P ( 2 )=0o 0^90 
it25^Pil) 

1= I‘=l 

CX^DX/2oC ' 

G(5)=0Qd) 

F=CX . ' ' 

FSO=H>i'H 



noon ann 


63 

HSQi2=HSQ/12oO . 

T^5)=P!55<'Slo0°HS0l2^0( 5)) , 

T ( 4 ) rP a 4 K' n o 0-=H SO 1 2>!‘0 < <» ) ’) 

CC5)*T«5S«T(4) 

■ SNL0UJ=P«5| 

CO 77 i. = ig4 
- p(Li=^pai4i) 

TiL) = TiL^n 
Ca') = DHLfrl). 

77 Git )=Q a-«>l ) 

.- GO TO 74 

MATCHING RADIUS HAS BEFN, REACHED CCMING IN 

78 K=KKK 

VAt_Ue=SNLOaK }«'^2 . 

GO TO 8C 

79 CONTINUE 
SUM3=SUM3^^XIF+SU^^4 

' KI-F^XJF*Co5 ■ , , . . 

80 MH-fi 

SUM4 = 0<,C ' \ ! 

81 V^VALUE 
VALUE-SNLO (K«5 )**2 

SUM4=SUM4«-19o 0#' t VAL LE-»-Yr^75 «'0#( SNLOI K=1 1 ’«'*2^SNLOI K®4 * I « 0^ « SN 
ILOIKa? »**2«SNLO<K®3)*<'2i 
K-K«5 

IF {K=>n^ATCH)' 6,83,82-'. 

82 

IF (MM) 6,7<5,8l 
83 SUM.3 = SUM3 + X.IF’^SUM4 
S3 = SUM3/P(4)<*»2 

FPIN=(T(5)'=’T(3J->Co5*(P( 5)«P(3I )) /H 
S4=PPIN/P(4) 

CE=(S2«S4)/(Sl“'S3) 

IF (ABS(DE^E)«THRESH) 86,84,84 • , * v 

84. £ = E^DE 

IF ae) 4,85,85 . , • ■ ■■ 

85 E*E=DE 

CE = DE/2cC .. 

GG TO 84 

IMPROVE tRIAt. eigenvalue BY PERTURBATICK THEORY IF NECESSARY ■ 
CALCULATE THE NORMALIZED WAVE FUNCTIONS 

86 FCP-PMATCH/P<4) 

■ CO 87'J=!MA7CH,KKK 

87 SNtOU S = SNLO(J)*POP 
. SUMl=0o0 

J=I 

KIF = XIFC ■ ■ ■ 

VALUE=CoC 

88 m^e ■ ... 

XIF^KIF^KIF 
SUM 2 = 0 oO 

89 Y=VALUe 

VfiLUF = SNLOa J<-5)^*2 

SUM2 = SUM 2^i- IGo O'f' ( VALUE<-Y ) + 75.o*( SNLDI J+4 ) **24-SNLO( J + I ) ) fl-50o 0* < SNL 

10U^>2)’J‘^2<^SNL0(J«3I**2) 



':■■■■ 64 - ■ 

J=J"+5 , ■ . ' . ^ 

. IF im ) 6tjSG,v89 

90 SUMI = SUHI-5'XSF«‘SU1«2 . ■ ' ' ' ■ ' 

IF HKKR^-JJ. 6p91p8R 

91 C1 = S0RT( SUI^l S ■ ■ 

IF (SNLO?3 > ) 92, 6,93 ' 

92 CM^-Cl 

,93. CO' 94' f-l,KKK 

94 SNLO (I I ^SNtOd f ) /Cl , , 

■RETURN 

95 FOR^^AT f20H NO CONVERGENCE ON? I 4,.Il ,F4 .0)' 

96 FORMAT ? 5HQS TOP , 14 , 8H t N SCHEQ) . . ' : 

'9t-'F0RMAT I6H0AT Z=;,f6oG,6H NL , = j 1. 3 , 1 1 , 7H KKK - , 15 , 2,3 H ■ I S LESS THA-,N 

. 1 IMATCH ==,I5t.43H INViARO T NTEGR AT I ON . Vil IL 8 F. ■ TR I EO' 'AT KK'K+40.,) . 

■ ENC ■ . 



b) Discussion 

This program HFSWF^is a modification to the program . 
written by Herman and^Skillman (1963), H+S. The 'original 
work contains subroutines not presented here. However, 
the two principle components of H+S., the main program 
"Hartree-Fock-Slater Self-Consistent Atomic Field Program" 
and the principle subroutine "Schroedlnger Equation Sub- 
routine" (SCHEQ) are used. The text H+S^gives several ■ 
hundred pages of discussion and tables concerning these 
Galculations and should be consulted for further discus- , 
sion. The material here will be an overview of the 
principle logic of the program as. highlighted by the 
"comment" cards in the program listing. 

This program computes numerical radial wave functions 
for the elements by solving the H-F-S equation ■ 

' ■ \iUZ) 

for each orbital in a given configuration of an atom using 
the self-consistent field technique. A reading of the pro- 
gram listing will be useful for the discussion that follows. 

Let us examine those sections of the program developed 
by H+S and separately consider the modifications made for 
use in this work. 

i) Herman and Skillman Program 

Initially let us note' that in order to have a 
common mesh for all atoms in the periodic table the 



parameter x, was used as the independent variable in 
place of Ts the true radial . distance. This, parameter 
X is defined 

(t )( ^) (x) 




References will be made to the “x-mesh" arid "r-mesh“ 
in the following discussion. 

The. program begins by reading a heading card and some control ■ 
parameters (KEYj TOL, THRESH, etc.) that determine the fonti of the poten- 
tial, define the self-consistency criteria, and provide other control 
informatipii. The allowed values and meanings of these control parameters 
are reviewed in the “User-Manual" (Appendix VII), After constructing" the 
"x-mesh" array some, or all, of; the normalized potentials * RU(M) 
are read depending on the value of KEY. 

The configuration information (Z,' number of core, orbitals (NCORES) , 
etc.) is read and for each orbitaV the number of electrons (WWNL). and 
starting eigenvalue is read. If only some of the starting values of. the 
potential have been read (KEY = 0) or if the potential Is to be construc- 
ted, from other potentials (KEY = 2), the calculation of the full 441 ■ 

point normalized potential RUCM) is carried out. 

From the normalized potential RU{M) the starting potential V(M) to 
be used in the HFS equation Is constructed in either the modified (KUT = 
1) or un-modified (KUT = 0) form by use of the relations 


\/( h) ^ Pl-'m 


I R(H) ^ "R W 1 


Or 


V^H)= 

■RCM) 


(143) 


where R(M) is the true radial distance. After initializing some counting 
parameters, (e.g. MITER, number of iterations; LIMIT, mesh value M where 



RU(M) - -2Z) the iteration is begun. If the test (MAXIT - NITER) shows 
that the number of iterations has exceded the chosen limits MAXIT*.an ■ 
ertor message is printed and the program ends. If the test succeeds 
(i.e. MAXIT < ITER) the following occurs for the iteratign. 

For each orbital, the Schrbedinger equation is solved using the 
constructed potential V(M). By calling SCHEQ the electronic densities 
for each orbital (RSCORE(M) and RSVALE(M)) and the total electronic 
density (RSATOM(M) = RSCORE(M) + RSVALE(M)) are calculated. 

The atomic exchange potential (RUEXCH(M)), the total coulomb poten- 
tial XI(M) and the final potential .XJ(M) are calculated. Defining' DELTA 
as the maximum difference between the starting potential^RU(M)j and the 
potential calculated from this set of wave functions^ XJ(M), that is 

DELTA = MAX I XJ(M) - RU(M) I ^ ■, (144) 

a comparison with the required tolerance for self-consistency, TOL, is 
.made. If DELTA. < TOL, self-consistency 'has been reached and transfer to 
the output routine is made. Otherwise an improved starting potential 
RU(M) is calculated and another iteration is begun. 

The improved starting potential is calculated from the initial and 
final potentials by a simple arithmetic average 

RU(M) = . M) ^ (^^5^ 

or by use of the Pratt improvement scheme, 

RU(M) = 2 RUI(M) + (1 - a) XJ(M) ' (146) 

where o ^ c>( o.:r below M = LIMIT ^ a -- o above limit. 

(For more discussion of the Pratt improvement scheme see Herman and 



Ski liman (1963) , Chapter 4| or Pratt (1952)). 

New trial eigenvalues' for each orbital are calculated using pertur- 
bation theory ,. , ’ ■ 

,E = E + < M’l H' 1 ■. . '^47) ,, 

With the improved potential and the new eigenvalues the next itera- 
tion is begun. . , . , . 

The output routine is either'all the radial wave functions and the.it 
self-consistent potential (N0C0PY=1) or just the- last orbital (NOCOPY = 

.0) as punched cards. . '..'•’ V 

,.ii) Modifications for This Calculation. ' 

As discussed earlier we seek the appropriate radiaf ■ ; 

, wave functions that are consistent with our simplifying 
■ assumptions of the, inert-core-active electron„approxima,“ . 
ti on used in developing the cross-section expressions-'- 
used in this calculation. ’ 

Having achieved a self-consistent set of radial wave- 
functions and a self-consistent potential . we. enforce 
our simpl ifying .assumptions by solving for the- excited . 
state orbital in the given potential. This is done by : ' 
reading the eigenvalue of the excited state and the 
number of electrons in the excited state and solving 
the wave equation in the ground-state self-consistent 
potential by calling SCHEQ. 

The wave function achieved is punched as output. 

Using the IBM 360/75 computer,, -the program HFSWF had 
a run time of 29 sec for the CESIUM 6s: and 6p wave func- 
tion calculation, ^ ' 



,69 


2. Excitation Cross-Se.ction Program , / 

This program, named EXCSCT, is a calculation of total electron 
atom excitation cross-sections for a range of incident electron 
energies using one of four possible approximations to the scatter- 
ing amplitude. The program consists of a main routine and six 

• I - 

subroutines. , 
a) Listing 





PROGRAM EXCSCTf INPUT) 


70 


^ ^ He 


EXCSCT 


* s!t 


^ A FORTRAM, PROGRAM TO CALCULATE EXCITATJCN CR05S'=^ 

« SECTIONS 'FOR THE ELECTRCN IMPACT EXCITATION OF ATCMSo* 


* ENERGY IS MEASURED IN UNITS OF THRESHOLD E NFRGV? EPS I L* 
EPSIL IS MEASURED IN UNITS OF TWICE THE RYDQERGo 4 


* IPROK^THE APPROXIMATION L SED o AL LOWED : VALUES AR£s 

n=^Q0RN;2^OCHKUR S3^PETHE?4=M00IFIED BFTHEIo 

modified BETHE { I PR0X=4 ! ma y only be used fqr* 

* OPTICALLY ALLOWED TR ANSI TI GNS##* 


C 

c 

c 

c 

c 

c 

c 

c 


c 


* sfc :^c * :}c ^ ^ ^ ^ ^ ^ ^ Jj, ^ ^ ^ 

. PROGRAM ■ ■ >, 

AND SUBROUTINES 8Y ' >!« ' 

TOM J GREENE * 

UNIVERSITY OF TOLEDO * 

* 19 70^1973 He 

fi£AL*8 AQ, 8054), 60 

SG<8,, EPSLH I. N 

COMMON P!Ni 521), PF( 521) ,C, RAMS, Y( 5 21 1 ,KKK 

EXTERNAL BJ^RN 

^°^3,2„67,3o0,3,5/',7N(l0l,ZN(ll),?Nll2),2NS 

3r'7'nn ' 

3C t>7, 00, 8*007 lOoOO, 12 dOO, 1 5 6 CO, I 8 iOO, 21 oOO, 24 ^00/ 

Nce=0- :, ■'■■• 

. IP = 6 . ,' 

,IM=5 ' ' 

IR = 5 

READ CONTRL CARD? N = NO<. OF VALUES OF INCIDENT ENERGY; * 

NTC = TVPE OF SERIES; N€ = NOoGF SE R I E S ; NOT P=OUTPUT OPT SONs ” 
A^ELEMENT NAMEo 

NTCs l = SINGLE CA SE ; 2=MUL TI PLE AP PR OX *; 3-MULT S PLE WVo FNCT« 

NCTP 2 I ^PUNCHED C ARQ ; 2= S I NGLE LT ST; 3 = MUl T I PLE LIST? 

READ (1^946) N 7NTC9NC7NCTPyAQ 

READ ENERGY RANGE 

?N(Nl=VALUES OF INCIDENT ENERGY IN THRESHOLD UNITS*. 

BF (NoNE*-U GO TO 1 . ' ' 

N*19 . 

CO- TO 2 , ■ - ■ ■ 

1 READ URp47l!; (^NU) ,1=1 ,NI 

2 continue , 
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C RE^O INPUT WAVE FUNCTIONS 

READ UR^<h 8 ) NLZ UXLlpEEl jWHNLl^ KKKl 
KU*i<KKl=>l 
CO 3 HSN=loKll95 

READ CPINU & t»l = PIN,MAX) 

3 CONTINUE 

READ UR^SOI) PEN(KKK1J 

4 READ URp48S NL Z 2 , XL 2 pE E2p WWNL2 ^KKK2 9 Z 
K 21 *K!<K 2 «l 
OC 5 

f^AX=MTN^4 

READ UR.p^gS IPF m 9? = MIN 9 MAX) 

5 CONTINUE 

READ i IR ^505 PFCKKK?} 

KKK=AMlNdJKKKl 9KKK2) ' 

C=0<> 88 5341 30 l/Z’**! .333 5 333331 
EPSa=UeS5EE2«6El W 2 .) 

Ni=NLZlZ10 
N2=NL,Z2/10 

READ THE APPROXIMATION vIPPOX. 

IPROX VALUES ARE; l^SORN; ?=OCHKUR; 3=6ETHE; 4=M00IFIED EETHE, 

6 READ ( IMfl5n TPROX 9 BQ 

TRANSFER TO THE APPROPRIATE APPP OX I M AT I CN o 
MWTCH^2 

!F < IPROX.EQol.OR.rPROXcEQ.2) MWTCH =1 
GO TO ( 26o 7S 9 MW7CH 

BETHF APPROXIMATION 

FIND ROMO 

7 CONTINUE 
XLAM=A8SlXt2«XLn 

, LAM = KiLAM 

IF «UPR0X.E0«4I,AN0o{LAM.N£oII) DC TO 35 
CALL RDINT IfiNvlAM^UO) 

RCM0~iRANS**2) 

FIND ANGKT 

ANGFCT=(2o*XL2<^loI*nTJ{XLlvXL29XLAM)*(2.*’XXLAM>*(FACT(XLAM)/f 

UcPXLAMi J 5**2) / < 2.« XLAM + 1 .) 

FIND CUTOFF FDR 8 ETHE 
Zb) = 30o 

WMAX=SQRTI 2.*ZW*EPSIU*UofrSQRT( ( Z W-=*l . ) / ZW ) ) 

: WMIN^SOR H2o*ZW*EPSlL)*« lo»SQRT< ( ZW«X o ) /ZW) ) 

WKIN*2o*ZW*EPS!L 
LAMIN==IAM 
: LAMAX'XL2^XL I 
C FIND S 8 RNW 
WSUM'OoO 
HANS=OoO' 

C£LW=(WMAX°WMIN) /lOOo 
W=WMIN«OELW 
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■ = l 

CO U lW=lt.l01 

W=W^0ELW 

FN=^doO 

,CG 0 IN^LAMAX 

. ■ ■ 

CALL POINT (BJcl J.W) ' 

2o*KL2^1<. )« «2o*WI+l o)»U TJ« XLl ^ ^L2 , W I > ANS ) ? )/W^«3 

8 CONTINUE 

■ K^==KW ■ 

2E U IW=^1 j‘<'nW-101J^KW) .9oll plO 

9 WSUfw=WSUP^<“2o*FW 

10 WSUM=tdSUM+Fi^ 

11 NSUf^=^SUM+FW 
NANS*!rISUM>«‘DELW/3o 
SGBRN^ 8t.*WANS/ViK IN 

C CORRECTiON FOR 0£L=LAM=C IN BETHE APPRCXo 

If (LAMoNEoOJ GO TO 12 
XLAM=2o 
IAM=2 

CAiL POINT JRNaAM5l<.0» 

RCMO=<RANS**2) 

ANGFCTs(2o*Xi2^1 o )* UTJ( XLl,, Xt 2 > XL.Ai^ ) * ( 2 XL AM ) * ( F ACT ( X LAM J / FACT « 
IL2<,*>KLAN} 8 J*>?'2 ) /( 2o'« XLAM<-1 o J 
C 

12 WFF*e,>9'R0M0*ANGFCT/WKTN 
IF ILAMoEQo U GO TO 13 
XLAM2=2o3‘XLAN«2« 

WKUTa(XLAM2*SGBRN/UFF<»-WMI N*«XLAM2) d/XLAM2» 

GC TO 14 

13 WKUT?(EXP(SGBRN/NFF)*WMIN)' 

14 CONTINUE 
C • 

C FIND ENGFCT 

CC 17 - S:=UN 
XMAX=WKUT 

XMIN=sSORT.( 2,^ZN( I ) « FP SI L I * ( I o“SQRT U ZNSI J «1 o » / ZNU I 3) 

ZKIN = 2«fl=ZNn )*EPSIL 
IF IXLAMoEQoIo ) go to 15 

XK INT-=(XMAXXt«< 2o4XLAM~2o ) 3 / ( 2«>*-XLAM«2 o XPIN’i«*I 2 o #XLAM°2o 3 3/1 2o «X 

1LAM=.2„) 

GC TO 16 

■ 15 XK INT=ALOGlXMax/XMIN3 

16 ENFCT*(6c^XKlNT3 /ZKIN 
C 

17 SIGI n=RDMO*ANGFCT*ENFCT 
IF IIPROXoEQo33 GO TO 36 

MODIFIED BETHE CAtCULATIGN 

CG 25 ! = UN 

IF SZN(n = LTolo53 GO TO 23 
ZKIM:=2o’i'ZN« I IX^EPSIL 
SZ^IZNU S“lo S/ZNI U 
STUFF=RDM0*ANGFCT’t'4o/f 3o*ZKlN3 
CC 20 LPi==U8 
LP^LPl-1 
XLP^LP 

IF UPoEQoO) GO TO 18 
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ZETA=( ( XLP-frlo )* (f U bI-P 7 SZ ) 4-XLP*( SZ *“^'2 ) F ? 2 b iP-H ? SZ )**2) 
l>i> (XLP«-,, 5n /<2.^KLPfrK) 

REST = a 2o>!'XiP<>l. J=S'ZETA/< XLP* ( KLP^- 1 o J ) 

GO TO 19 , 

18 REST==«SZ>^*lo5Ii*(F«2BiBSZ)##2) 

19 SGaPU^STUFFQ'REST 

FIND SGny^L 

SG^«^KL=^^«9■KLP^lo > /ZK!N ■ 

FIND L-ZERO 

IF tSGaPlKlToioS^SGMXD) GO TO 21 

20 CONTINUE 
WRITE I6b52J 

21 CONTINUE 
tC=LP-i 

IF (tPoEQoO) tO^C 
XLO^iO 


FIND tO°TERM 

TRNLC=HXLO^-lo 3#*2J/I?o*ZKrN) 

FIND SUM«TERM 
TRf^SM^OoO 
DO 22 LS'ULP 

22 TPMSMsTRMSM<>SGaS) 

FIND MODo BETHE C-=SECTION 
GO TO 2A 

23 SIGC I ) *CoO 
GO TO 25 

2A SIGU )=SIGU J-6-TRML0-TRMSM 

25 CONTINUE 
GO TO 36 

PCRN OCHKUR 

26 CONTINUE 

■ XWXN==SQRTI2c*ZN(N)^EPSI U*( lo^-SORTU ZN( N)-l o ) /ZNI Nn ) 

KI^NN = S0RT(2o>^ZNtN)*EPSfLI*( lo^SORTU ZNI N ) “ 1 ^ V/ ZN( N ) ) ) 
CELX^(KNKN-XMNN) /lOOOo 
X-XMNN«CEtX 
CO 28 IX^IbIGOI 

X = X-c-0ELX 

LAMIN==ABS«XL2°XL IJ 

■ lflMAX = XL24-XLl 

00 27 !1=LANINbLANAX 

XI = I 

Fxnxj=»CoO 

CALL ROINT IBJbT bXI 

FX ( IX ) = !FXHX 2.*XL2-Ko )««2o*XU !,}’!<( ( TJ5 XLIp X12b X I) ANS ) >-^2 ) )/ 
IKP*3 

27 CCNT INUe 

■ Xf«SHHX)=X 

■28 continue ■ 

FIND K°L,IMITS AND COMPUTE SIG' 
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C 

C 


' DO I = 1,N 

XMAX=SORT'< 2»*ZNt n’5'EPSI L) *( 1 ‘o-!-SQRT( ( 7NiT)°l o S /£NUh ) ■ . 

XM !N^SORT« 2o*ZIM( I >*EPSIL 1 o°SORTU ZN? n = 1 o I /ZNn n ) 

2.KlN^2o'>ZNn J*EPSiL ■ 

CD 29 J^LAMINvL4|WAX ' 

XJ=J ’ 

FXM&X^Cc C 

FXMIN^OoC . ' / . 

C^LL ROffNT ^BJ ffj 

»*(2 = *XJ4-1.)S(( TJ{ Xil.XL^tXJIORaWS)**?) I/XM 

i dX¥P 3 

C4LL ROINT fBJsJoXMJM) , ' 

o^.XJ^Uo »*(( TJtXHv XL29X'J)’!*RA'NSJ^,^2U/’fW 

29 CGNTJMUE 

: BEGIN INTEGRATION ' ■ . V, 

XSUN^aOoO ■ ■ ' 

XANS^OoC , ■■„ ' ’ 

LP = {KMSN«X(^NN^/OELX^lo' 

LC-lOOlo^fl XNXN<=XMAX) /OE LX 

test for NOo of TNTG. PTSo even for SfMSON°S RULE INTO. ^ ■ 

XLP-LP ■ 

XLQ^LQ 

. . Tla(tP«L0)/2 . ' ■ 

T2*(XlPoXLQjy2^ 

IF (Tl«T2oEOeOo.O.) r,0 TO 30 ’ 

LC=L0=l ' ^ 

find CORRECTIN (Cl) USING TRAPEZOID INTG« APPROX, 

30 C IIX laXi« IN«XMSHILP I 

C 1« <FX a PN-FXM IN »>*'DlLXl /2o 
XaXMSH(LP)=DELX 

KX=1 ',..:.■■■■■■ 

DO 33 !X<PaQ 

xix^ix '.■•■•. 

X = X40ELX ■ ' , . 

A = I i,«=.(x*>J^2/ZKIN ) vnx**2/ZKINJ^*2n 

■ IF UPROXoEOolo) A=|,0 • 

CS IG^FX? IX )«A • ■ 

KX^^KK , ■ 

■ IF ( HX^LP H X = LQ J^KXJ 31,>33j32 

31 XSUM=XSU^-fr2o>^DSIG 
32' XSUM=XSUM+DSIG 

33 XSUMarXSUi^^i-OS IG ' ■ ' ' 

,XANS==XSUN’?^DELX/3o ' . , , ■ v 

CILX2=XMAX-X - . 

' G2 = «FX OX S -^FXMAX )<'D!LX2/2o 
XANSC~XANS°Cl+C2 

3^ SIG I ! )*« 8o»S'XANSC ) /ZKIN ' • 

GO TO 36 


OUTPUT ROUTINES 


35 WRITE i'6g53) 

CALL EXIT 

36 If INOTP«2» 3.7939^41 

. NOTP^U, PUNCHED CARDS 

37 NCC=NCC«l 
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CO 38 I = UN ■ v' ", 

WRITE tlP,5A) ^N^n■^SIG^^ ,S0p?,4OvNUN2pEPSIt 

38 CONTINUE . • 

If INCCoEQoNC) GO TO 45 

GO TO l45c6v4U NTC 

c ■ ; 

C NCTP=2? SINGLE LIST 

39 NCC=NCC*| 

WRITE . i IPc6C) AQvBO 

WRITE TIPi»6U ■ • , 

WRITE ■ I !P,62) 

WRITE S IP 5)63 ) ': ' 

WRITE UPp57) Z,EPSIL^NUN2 
WRITE i l?^55) 

WRITE i SP^56) . ' 

CC 40 |-UNp3 , 

WR ITE UPp55 ) , ■ . 

WRITE « IPp59> , 

WR ITE I IP p 58 5 ZN it J sSIGiS U ZNU ^ U p S IG I U 1 U ZNI U2 »p STGn <^2 )' ' 

. WR!TEUPp59U 
WR ITE ( IPp55J 

40 CONTINUE 

if .fNCCoEQpNCJ GO TO 45 
GO TO I4596p4U NTC 

■ N0TP^3S NUtTIPLE LI ST ' 

41- NCC.*NCC41 

DO’ 42 2* UN ■ 

42 SlGMIUNCCT*SIG(n 
6PSL INCC T*EPSll 
eciNCC'JaBO . 

KLUN.CC[*Nl 

NL25NCC UN2 ■ . ' 

IF INCCoNEoNO- GO TO 44 ■ 

■ WRITE UP,66) ApZ 
WRITE UPo61) 

WRITE (iPp62J 
WRITE UP 9 63) 

WRITE riPp67r 
CO 43 ! = UN 

WRITE UPp64S ZN (I U SI G M ( I U ) , S I GM( U2 U S I G U 3 ) 9 S f GI«{ U 4 ) 

43 CONT INUE 

WRITE UPp69) 80nUB0( 2UBGI3S v80(4) 

WRITE UPp68 ) NL U IUNL2U) pM 14 2) pNL2(2 I c NLl 4 3 U NL2 ( 3 ) , NL U 4 U NL 2 
1(4), 

WRITE UPp65) EPSU DpEPSLI 2) 9EPSU3)pf PSL(4) 

• GO TO 45 

44. GO. TO 445p694)p NTC 

C . . 

45 CONTINUE 
' STO.P 

C 

46 FORMAT (4I3pA8) 

47 FCRM'AT U2F6c2) 

48-FCRMflT U4plP3El4o7pI4p0PF4-pn 

49 FORMAT UPE15o 79 lP4El^o 7) 

50 FORMAT • UPE15U) 

51 FORMAT < I3pA8) ' . ' ' . 

52' FORMAT H 2K v °>«*EP,RQP **L P 1 HAS E WC EE DEO'. VALUE CF 8 U ■ 
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; 76 

53 FORMAT * IX 7 MOD o BETHE CAN' CNLY BE USED FOR OPTICAL TRA 
1 . NSmONS'’ !' 

54 FORMAT (IX p F 80 3 ^ 2K v E 10 o 3o A 8 , M % F3 oO ^ “ J % 2 X ^ A 8 9 M % I 2 9 % ;i ? p “ ) “ 

UEPSa=°-i,E10.3,° J°> . ■ ■ ■. . , . ,„ 

55 FORMAT { IX p 

^ 4i ^ I|c4t4c2;x;;::;: :t( 4c ft 0 ) 

56 FORMAT OX , 33 %4X p “ N% 5X p ° I ® p 5Xj ^ S IG ( N P p 4X 9 p « ^ " J ‘, • 

57 FORMAT 33XsMAT. N'O o = 9 F4 <, C ? M % 1 3 Xp M F PS I L- % 1 PEIO o 3p " ) S'lOK p o, g [sjl 

IcnjSi « 9 L ° ® s % 1 2 , t>.« % J 2 ^ 0 J '' i 

58 FORMAT 3 IX 9 3 « " * " pOPF 80 3 p 2.X, M S 3 Xp 1 PE 1 0 o 3 p 2 X ) v “ =» ” ) 

59 FORMAT 3 IX .9 3 fl'° ^ ° p I OX p M % 1 5 X ) , ) 

60 FORMAT 3 32X p A 8 , , A 8 // T ^ - 

61 FORMAT 36Xp ‘'CROSS-SECTIONS ARE IN 'UNITS OF PI*(BOHR RAO lUS*’^'? ) « 

62 FORMAT 36XpnNCIDENT ENERGIES <N1 ARE IN THRESHOLD ENERGY UNITS 3E 
IPS ILK?) 

63 FORMAT C 6 XpOEPSIL IS IN UNITS OF TWICE THE RYDBERGo“/) 

64 FORMAT 3 2X 9 FS^.a p4 1 6 X p IPE 10 o 3 ) / ) 

65 FORMAT ,nXp °EP SI p 2Xp436Xp IPS I0o3 ) //) 

66 FORMAT ( 32X p A 8 p 1 5X p ° 3 A T oNO o = % F 3 oO p 0 ° / ) 

67 FORMAT 3 IX 5 5X p ''N % 2Xp 4U OXp '' S IGI N) J /) 

68 - FORMAT { 3X p ° SNL-^N " ° L '' M K 4 ( 6 X p “ ( % I 2 pT I 2 p M S 3 X ) ) . . 

69 FORMAT OX p '' AP PR OX ^ % 4( 8 X 9 , A 8 M 

END . ' . 

SUBROUTINE ROSNT iGRNOpLAM,X) 

CO integration OVER' WA VE F UNC.TI CNS 

COMMON P-iNI52lSpPF«52l1pCpRANSpY{52'U^KKK , 

YSUM*0,o0. 

YANS*09C 

CELY»0oCC25 , 

vm»090 

YMIN*O.C ' ' „ . ■' 

VMAX^Oo I . 

KY.^i 

L^l ■ 

JY = 4 1 

-I' CO 10 IY=LpJY ■■';■, 

IF HY«U 2p.4p2 . _ 

2 IF { IY=L ) 5,3p5 
, 3 YID^YMIM 

■ GO TO 6 ■ , '• ' . . ' 

4 SMTX=0.0' ; 

GO TO 7 ■ . , 

5 Y (lY ) = YnY°lK^OELY 

6 CONTINUE . ■ 

W^C’S'YUYj'^X 

F = GRNO(LAMpW) 

SMTX^PFUY 0*F^PINU Y) 

■7 KV=«KY 

IF rUV-L)X'HY°J-Y)*KV5 8 p10p9 . ; 

8 YSUM-YS.UWH^ 2 «’XSMTX 

9 YSUM=VSUM^SMTX . ■ . ' ■ 

10 YSUM = Y-SUM^SMTX 

VANS-DELy^VSUM/3o4YANS 
■ CELY = DELY<^OELV, 

L = JV 

JY-JY^4C s 

VSUM-OoC 



, : 11 

YMIN^YMAX 

VMAX-YMAX+40o«'DELY . ' 

KV=l ■ ■ 

SP . (JY«KKK“3l J llo 11 
U R^NS=YANS«C 
RETURN 

ENC ^ 

FUNCTION BJ (LflW) 

Sk^siNivn , ' 

CW^.COSIW)' 

L 

GC TO U»2,3,«^5g6o7(,8) V tl 

1 BJ^SW/W 

PFTURN - ■ , 

2 RJ = ,SW/lW**?)-Ctri/t( 

RETURN 

3 8J = 3o*SVi/(W**3J = 3c’fcCV,/( / 

RETURN 

4 0J = l5o4‘SV»/!lW«Y^)°l5oYCW/n<«*3»‘=6„*St^/4 . 

RETURN 

5 ejilOSo^SW/IW^^wSI-lCSoYCW/I W**t'4j MOo*CW/( W^s^Yai^SW/W 

RETURN 

6 BJ=R^5<.*SW/( W^Y6 l“<)^5o*CW/| W’*'*? ) ■»4? 0 o* SW/ ( W **4 ) 4-10 5 . ’)■ CW / ( W 3H>‘ 1 5^ 

l*SVJ/<W*R2}oCW/W . ■ 

RETURN : . ' ; -, , 

1 8J*1228 5o*SW / I W**7 »«122a5<,#CU/( W^*6) «7l40o^SW/ t W**5 I +2 140 o #CW/ TWi>‘S' 
14 M240o«SH^(W*#3S«23«*C^/(W**21«SW/fe^ : 

RETURN 

8 ej^ia42 75o^SW/(W*#8) = 1842T5o*CW/t W**7) «>109045 ^ W/ 5 W**6 ) ^409 5» s^CW/ 
lWR*f)4402Co*SW/(W**45=45Co*Cfe/(W**3)=30o*$W/(W**25«CW/W ' 

RETURN 
ENC 

FUNCTION RN a ,'W ) 

RNi=W«^»L 
RETURN 

END , 

FUNCTION TJ <XlvX2ffX3J 
C CALCULATE 3-^U SYMBOL 

A = XUX2“X3 
. AF^FACTCA} 
e = Xl-«^X3®X2 
eF^FACTiei' 

C = X2^X3^Xll 
. CF=FACTiC) 

C=Xl4X2-frX34lo . 

CF = FACTiID! 

E^«XUX2^X3J /2o 
EF^FACTIE} ' 

Ei^E^-Xl 
ElF = F'ACTaU 
E2“E^X2 ,■■ ' '■ 

E2F~FACTIE2J 
£3'=-E^X3 
E3F^FACT(E3J 

TJ^(SQRT(AF«BF’PCF/OF» I ( Ef /< £ I F>^E2F*E3F » } 

RETURN 
ENC 

FUNCTION .FACT i A ) 

C CALCULATE FACTORIAL OF A NUMBER (A.K 
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FfiCT=lo 

IF &=lo0 

J = ft 

. CG 1 I = 

8=1 

1 F^CT^FfiCT^B 
RETURN 
ENC 

FUNCTION f 
CIMENS'lON AL<8,a) 

c ■ 

?i a )=°io 
flta,2)=io 
£L(2a)=«lo 
AUl,3)=o5 
iL (?a) = lo 
4Lna!^i.5 
dL(U^) = o5 
flL(294S=o5 
ei t39^)=,lo5 

■ fiL(lo5J=,625 

Bt (2a5 = »5 
iiL(3v5Ho75 
^L«<i’,5^»2o5 
4L (5a>»«4o375 
flUl96}«e875 
AU2fl6J«o625 
flU<3a)=o75 
^LI^ 96 I»To 25 
AiT5T6J=4o375 
aU6fl6 *=“7o875 
' flU]l97!=lo3l25 .' 

AU2,7ts«875 
. flLna)=o'3375 
^L<^vTJ^lo25 
AL «Sa)=2o 1875 
. flU6aj = 7o 875 ■ , 

■ flH 7 a)='=l 4 o 4375 

. AtU98M2o0625 ' ^ 

fit<2,8} = U3125 
AL5 3v8> = U2l25 
flt<4,8)=lo5625 
flL{5,8)^,2o 1875 
AL<69ej = 3o<5375 
AL f7<,87=14o4375 
Al(ep8)*«26o8l25 
C 

XN=N 

fl = XN/( 2 o®* jXN-=lo I) 

C 

e = c 5*AL0G? Uo^>SQRTSZ) >/U „“'SQRTJ Z) ) J 
F!NC EvC^C 
■N 3 =N 

GC TO Uc8St, M . 

C F IND F. 

I CONTINUE 
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!F <N-1) 2 ^ 2,3 

2 E^Oo 

GC TO 6 

3 E=0o 

. GC.5 IP1^3t,Nl 
S* 0 ^ ■ , " ■ 

IPlM 2 -fP]l -2 

CO !P 1^2 

XINI^IN! 

A S=S*{ZO^t|fsjX=n W( 2 .«<XINl«lo)fl-loJ 

5 £ = e^flLfNS=JPl*l9Nl I* (Z«*4'“IP1>2I )*S 

c . F8ND D 

6 C-^L(NlvNU 
C FIND C ■ 

c=o. . 

CO 7 IP UloNl 

xiPi=iPi 

7 C=C<-AL IN lc=IP l^loN U* 1 ^5=»Ki[ Pi j j 

GO TO 15. 


F 5'n'O E 

8 CONTINUE. 

IF So icao 

9 e«o* 

GO TQ n 

10 E=0o 

CO 12 IP1^2cNl 
SsO, 

CO ll INUl, IPIVI 
XlNi=INJ 

U, SsS^(Z#PUNl«in/(2«*( XlNl»lo)+lo» 

12 £*E«ALIIPlpNl)*« 2 *«'(«=lPl + i))i^S 

13 CONTINUE 

C FIND D 

C=:0o 

C FIND C ' ■ . 

C^O. 

CO 14j IPl^UNl 
XIPl^SPl 

14 C-C^'AL IIP 1 oN 1 J*T Z** ( oS-^Xl P 1 ) J 
C 

c 

15 F=<a*(0<tC“D°E ) 

RETURN 

C . 

• END 



b) Discussion 

This program calculates electron impact excitation atomic cross- 


sections for a given range of incident energies using one of the 
following approximations to the scattering amplitude; Born, Bethe, 
Modified Bethe, or Ochkur. 

the program begins by initializing the incident energy matrix 
ZN{N) to a standard set of 20 values, and by assigning values to 
the read-write parameters IP, IM, IR. A control card is then read 
to control parameters whose meaning and allowed values are discussed 


in the User Manual — Appendix VII. 

Depending on the value of N the incident energy value's speci- 
fied by the user are read in (M f -1), or the standard values are 
retained (N = -1).' The initial and final state wave functions and 
belated data (i.e. eigenenergies, EEl ; orbital quantum' number, XLI; 
etc.) are then read., The approximation to be used for this calcu- 
lation is then read and .the calculation begins. 

Control is transferred to one of two major sections of the pro- 
gram depending on the approximation used. If the Born or Ochkur is 
used a "switch*' parameter MWTCH is set to 1 and the control moves' 
to statement 26. Otherwise MWTCH is set to 2 and the program con- 
tinues at statement 7. Statement 7 begins the Bethe, Modified 
Bethe section of the program. After testing to determine whether 
or not the Modified Bethe approximation is being used, the transi- 
tion is checked to see if it is optically allowed (ajl = 1), then the 
radial integral 




0 ‘ 
is calculated by calling the subroutine RDINT. 


(If the Modified 
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Bethe optical allowed test fails an error message is printed 
and the program'ends. ) The angular factor ANGFCT is then calcu- 
lated by calling the 3-j symbol subroutine TJ(XLI, XLZ, XLAM). ■ 

As is usually done in Bethe calculations the limits on the 
momentum transfer integral are cut-off by fitting the Bethe , 
curve to a Born cross-section for a particular value of inci- . 
dent energy at high energy. This is done by using an incident 
energy value of 30 threshold units 9 and computing the Born 
cross-section for that value .and finding a cut-off value for KMAX 
of WKUT. In the Bethe calculation, if the change in angular 
momentum, LAM is 0 the quadrapole moment is the first non-zero 
term in the Bethe series. The test is made and if necessary ' , 

LAM 1s set equal. to 2. 

A particular value of the incident energy is next chosen and, , 
the energy term ENGFCT of .the Bethe calculation is obtained. 

The Bethe cross-section SIG(I) for the chosen energy value 
ZN(I) is calculated and the next energy value. is chosen. 

If the Bethe approximation is being used transfer to the 
output routine (statement 36) occurs after a cross-section for, 
each energy has been computed. If the Modified Bethe approxima- 
tion is being used, the additional terms for approximation are 
calculated as follows. An energy value is selected, ZM(1) a 
value of the final angular momentum LP is selected and the 
partial cross-section S 6 (.LPT) is calculated. The "unitarity 
limit" , cross-section for this value of LP is found and 

a test of . Ql made. When the value of LP is 



such that ^ value of LP is designated LO. The 

two correction terms for the Modified Bethe approximation TRMLO, 
TRMSM are then found and subtracted from the Bethe Cross-section 
(as discussed in Chapter III). When this procedure is complete 
for all energy values transfer to the output routine (Statement 
36) is made. 

The next section of the program is for calculation of Born , 
or Ochkur cross-sections. 

For efficiency in the program the scattering amplitude 
fbo^^(k). is found over the range KMAX(ZN(N)) to KMIN(ZN(N)) 

(where ZN(W) is the largest incident energy) and ’tabulated for 
1000 values of f{k). The integration for, the final cross-section 
for each energy value is then done by, use of this table. 

This section begins by calculating KMAX(ZN(N) ), = XMXN and 
KMIN(ZN(N)) = XMNN. Then for a selected value within this range, 
f(k). is found. This involves calling the radial integration sub- 
routine POINT which includes the spherical Bessel function 
subroutine BJ. When the table of values of f(k) (i.e. FX(IX)) 
is found, the calculation of the cross-sections for a particular 
value of the energy begins. 

The limits on the K-integration (XMAX, XMIN) for'the selected 
value of the energy ZN(I) are found. The value of the scattering 
amplitude at these limits FXMAX, FXMIN is found, and the integra- 
tion over the range of K is begun. The closest value of XMAX, 
XM.IN to the tabulated values are found, and those tabulated 
values are labeled LP and LQ respectively. 



Since a Simpson's rule formula is used for the integration 

the number of integration points must be even. The value of LQ 

, / ) 

is adjusted to guarantee this and the integration | 
is carried out using Simson's rule, and selecting either the 


Ochkur (A / 1) or Born .(A - 

1) expression. 


The correction terms 




and . I 4^ J K , 

are 




^ Kdo) 



found using a trapezoid integration and these correction terms 
are added to the tabular integration to obtain the cross- 
section SIG(I). Transfer to the output routine (Statement 36) 
is then made. 

At Statement 36 control is transferred to one of the three 
■output routines discussed in' the user's manual . 

When output has been completed, a test for the number of 
cases to be run is, made and the program either ends or trans- 
fers back to read a new final state-wave function, and 
approximation (Statement 4) or a new approximation (Statement 6) 

Using the IBM 360/75 computer, the program EXCST for the 
XES.IUM 6s-6p transition (where the radial entegral has 441 
points) had the following run times: ‘ 

Single Born, case = 2 min 3 sec 

Single Ochkur case .= 2 min 2 sec 

Single Bethe case = 25 sec 

Single Modified Bethe case-=24 sec. 

4 approximations. = ' 4 min 18 sec 



3. Ionization Cross-Section Program 

This program, named lONCST, is a calculation of the ionization 
cross-se.ction for a single value of Incident Electron Energy. The 
program consists of a main program and five subroutines, 
a) Listing 
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C PP.nGOAVi tONCSTi IMPUT) 

■C - 

C ' , * . , ' ’ ■ . „ ■ Hf. - ■ ' ■ 

C ^ * 4: « I ONr ST # * * ” 

• C , ■ * ' -k ' 

C * & FORTPAN PRnGP AM TO C Airui. ‘ PART] At. CROS'^^SFCT IONS * 

c * FOR NFUTRAl AT^iMS TONI^FO. BY INCTDF'NT FtFCTRONS ^ 

C * the CALCilLATrON USF S NUMr-RTCAt. WAVF FUNCTIOJVS FOP THE > ■ 

€ * ATOM AND TMc PORN-r.niJLnviB APPR-OXT M.ATt OM * 

■ c ■ ■ ■ ' 

■ C * PROGRAM ^ 

C * AN|n SUBROUTTNES BY * 

C k . TOM j gPF‘=NF ' 'f' 

C * .IIMTVFRSTTY OF TOlEnn. . * 

C * T9 7A * • 

C ' ******* ■ 

c ■ ■ . 

RFAL^A KAFA^KAPANIX 
. ' RFAL.^R AQ 

D.f^)FNSinN 7N(2U SGGL(A), 7L2,( 61 

FWT'FRNAL BJ,RN,FACT ■'; . 

COMMON P fN (521) ,PF I 521 ) ,RANS. V( <=i?i) , kKK 
FT AM AX =*« 10 b- 

FTAM!N = 10= . . . 

rhomax=o» ■ ' 

RPOMlN-lOo . ' . 
tR-5 ■ 

IM=5. 

!R=5 ' 

' C . 

on 15 TTG1 = U1 

c . 

C R.FAD BOUND STATE WAVE puNCTTON 

•. C 

R EAO ( fM 5 17 ) AO 

READ I IP 5 18 ) Nt7 UXM ,FP1 , WWNU » KKKI ,7. 

Kll=KKXl«l 

, nn V M iN = i ,K 1 1 ,5 , ' 

MAX’rM . 

RFAO flRfllR) (PIN(n .T-VfN,M^x) 

1 CONTIMUF 

READ ( IR p?OS P IN (KKK 1) ' 

■ EPSU : = (ABS«EE1 
PI=3o 1A15927 

C=0o BR534!381/7**( <,033333330) . ' - 

KK>=K'KKr 

■ ■ c . ■ ■ 

c Bun 0 Y( n ) 

■ c 

NPL0CK=KKK1/A0 

■ ■ ■ U=1 

vnn^n.oO 

• DFI,.TftV=,n025 

no J i^ u'N'BtrKK, ■ ' ' ■ 

■ 00 2 ' X t=i 



2 VU1J-V( TAY 

3 0ElTAY=0eiTAY^0ELTAY ' : 

PF< U = Ood ' 

, C ■ ■ 

C > READ ENERGY IN THPP<^HOLn UNTTSANH R NO XTNfTIAL 

c • ■ 

N==l 

DO 15 JTG=ia 
READ C tR,21J ZN( n 
X?N=S0RTt2o*EPSIl*ZNI 1) ) 

C 

SG=0<,0 

C PICK X12 AND FIND KAMAXl AND LAMINI 

DO 14 IX5_2Pl-l56 
. lXi.2»IXL2Pl«l 
Xi?=IXt2' 

I AM IN l=ASS([ KL2-XL n 
LAMAX1*XL2<HXL1<'1 
C 

C FIND KAPAMX AND PICK KAPPA 

DSGKAP^OoO 

KAPAMX = SQR TUZN< n«-lo)*EPSrU 

SGLSlJM=OoO 

DEtKAP*KAPAHX/lOo 

KAPA*OoO 

KS = 1 

OSGL-OoO 
DO 13 IKS*Ull 
KAPA=KAPA+DEtKAP 
ETA=«U /KARA 

ETAMAX^AMAXHeTAMAX,ETA J 
ETAMIN«AMIN1<ETAM|N,ETA) , 

C TABULATE PFdEKflR , ETA ,L2) 

C - ■ 

DO 4 ll-2pKKKl 
R*Yni)»:<C 
rf:o=kapa>*>r ■ 

RFOMAX=AMAXHRHQ!«AX pRHO) - 

. RS^OMIN^AMINKRHOMlNfRHO) 

F=*FLNR UXL 2 vRHO,ETA 1 

PF n IMFLNR ( IXL2*RHO, E T A ) « ( 2 XL2+ t , ) / ( K AP A* ( ( 2 * I) o 5 ) ) 
4 CONTINUE ; 

IF OLloNEoXi2 ) GO TO h 

C “ 

C ORTHOGONAL ize PF-o-PI < pf * ==pf«C#PI } 

c 

IJK^O 

XVZ-1.0 ■ . 

CALL RDINT (RN,UKvXYZ) 

■ CNR=RANS . 

00 5 I1=2,KKK 
pFm)=PFrm«cNR’!'PiNm) 

5 . CONTINUE 
6 CONTINUE 

C FIND THE LIMITS ON THE K«>I N tEGR AT I CN { 200 PTSo) 

C 

c 

. X^OoO 
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KfN='SQRT?«KAPft*#2 + 2<,^(7Nfn-lo»^'EPSIU ' . , • 

XMSN-XJN«KFN 

XMAK^K IW^^XFN 

DEtX=skMAX=-XM5M) /20. 

XSUM^OcO 
■ XANS=OoO . 

X^XM HN^^DFLX- . ■ . 

KX=1 

DO 10 !X«a>2l 
X=X^DELX 
FPR=OoO 
FLAM^OoQ • 

, XIMTG^OoO 

DC 7 t AMl=CAi^INl t-LAMAXl 

LAM=LAMl^l 

XLAN1=LAM 

CALL RDlAiT (BJ vLAM'jXI ' " ■/’ 

XTJ=TJ(XLlpXL2pXLAM) 

7 FLAN=(2o’3£XI.AN|^1o )* ( { XTJ*RANS)**2 ) /( 2 o*XL2 + l » M-FLAM :' 

■ ■ FPR=Fl AM 

X !NrG*FPR/iX«^*f'3r 
KX=«KX 

!F 1 nx«n>j‘nx-=2cu«Kx) a?io?9-. 

8 XSUM*XSUM<h2<,’^XlNTG' 

9 XSUM=XSUM-»-XlNTG ' : • , ' 

10 XSUM^XSUM+XINTG 
XANS«XSU(««*0£lX/3. 

C,SGL«( l28i«XANS)*t < KAPA^PI /xrN)*#2 ) 

KS»=KS 

IF (<fKS«n*nKS“in*KS) 11,13,12 

11 SGLSUM-SGLSUM*2<,’>'DSGL ;, ' : 

• 12 SGlSU'M=SGLSUM+DSGt '.V;'.' 

13 SGiSUMaSG'LSUM^-OSGL , 

SGi_^SGiSUM’S'0ElKAP/3. ; : 

ZNLG-ALOGlOf2fM(in 

Nl*NLZl/10 ■ 

SGGLnxt2PU=SGL 
ZIL2( IXL2PU'=XL2 ' 

14 SG^SG+SGt 

15 CONTINUE , 

C , OUTPUT ROUTINE ■ 

WRITE UP, 22) AO ' - 

WRITE U'Pt>27) 

t^JRITE HP, 28) < 

WRITE . UP529) . 

WRITE UP®26) Z,EPSIL,N1 

WRITE « IP, 24) ' . • - . V 

, WRITE UP,25) ■ . ■ ■ ■ 

CO' 16 1=1, 6, 3 . 

WRITE UP, 24) 

, WRITE UP, 32) 

WRITE UP,3U ZL2U ) , SGGL (1 ) , ZL2 C UD , SGGL ( UU, ZL2( T + 2 ),SGGUU2) 
WRITE- UP,32) 

16 CONT INUE 
WRITE UP, 241 
WRITE UP,23) ' 

WRITE UP, 30) ZN(1) ,ZNIG, SG 
WRITE UPo23) . 

WRITE UP, 24) . , 
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't^iRSTE UP«3^) RHnMAXjETAMAX 
. WRITE (lPo33) RHOMIN,ETAMlN 
WRITE UPi^24> • 

RETURN 

17 FORMAT U8) 

18 FORMAT U4UP3614..7V I4,0Pf 4oO) 

19 FORMAT « lPE15o 7, lP4E14o7) 

20 FORMAT riPE15«71 ' 

21 FORMAT i 12Ffeo2.) ■ , 

22 FORMAT ( 32X j A 8 v#COUL-«'RORN'' //) 

23 format UX5“=4'%B0X, > 

24 FORMAT *i{t ## :«tic ift* 

2 5 FORMAT UX p 3 M ? 4X ? * L" » 5X 9 “ I “ » 5 Xc ® S IG ( L) S 4X ) 9 ” ^ M 

26 FORMAT I3X9MATo NO » 9 F4 o 0* « H 9 13 X 9 ® ( E PS I L= « 9 I PE 10 o 3^ ‘'I S lOX , T ( NL 
]L«ryjo<iL o 'J 2 % ?2o°-=CaNTlNUUM) n 

27 FORMAT H 6 X 9 ''CRnSS“*SECTICNS ARE IN UNITS DF PI*lBOHR R AD lUS ** 2 K ^ ) 

28 FORMAT < 6 XoMNCIOENT ENERGIES (N) ARE IN THRESHOLD ENERGY UNITS it 
iPsiL un 

29 FORMAT T 6 X 9 " EP S I t . I S IN UNITS OF TWICE THE RYDBERG^ V ) 

30 FORMAT UX 9 % 8 X 9 « N- , OPF 8 » 39 8 X , « L0G('N)-% 1 PE 10 »3, 8 X 9 “ S IG < T OT AL ) = 

■ l®-9iPE10c39l6X9«* ) . ■ 

31 FORMAT UX93J<”«'%0PFeo392X9M » , 3 X 9 1PE1093'9?X) 9 °*M 

32 FORMAT ( IX 9 3 r * " 9 1 OX 9 M % 15X I 9 » * M . . 

33 format UX 9 “ 9 "RHO«MIN) = *> , IPE 1 4 o7 934X 9 " ETA( PIN) = S IPE 0*0 ) 

34 FORMAT nXs p RHO 1 MA X ) = » 9 IPE 14 0 7 934X , • E T A( w A X ) * « 9 1PE14 97 9 ® . V 

END .■ .■■; 

FUNCTION FLNR (L 9 RHO 9 ETA) > ,■ 

XL-L 

PIi“3o 14159265 • 

FLNR^CLN'^JRHO'^* (L + n )*PHl , 

FIND CLN^PR00*(2«**lI#ISQRT(?o*P(*ETA) ) /< F AC T ( 2 . #XL + lo ) CRT ( 1 . 
I29*PIP6TAn 
A=»2»<'P I*ETA 
0=2o*XL^l^ 

C*A 8 SUo«EXP (A n 
FCT^FACTIfiJ 
PROD^loO 

IF a.EOoO) GO TO 2 
. CC 1 i*l9L 
S=1 

PROO=PROOX'SORT{ S**2<-ETA**2) 

'I- CONTINUE 
2 CONTINUE 

CLN=PROO«iI 2***U’t‘SQRTI-A) /IFCT#SQRT( CM 
C FIND PHS=AKL* (RHO**K“L“U 

• AKM 2 -I 0 C '■,•■' 

AKM! = ETA/IXL^1. ) 

CSUM^loO^AKMl*RHO 
•TCSUM.*CoO 
(L3<fr3 ■ 

■' L30=t^3C' 

' ■ CO 3 K^13 9L3C 

. kk^k ■,'■'■ 

AK = (2o*ET-A<*AKMl“AKM2) /{ (XK+XLJ'5'I XK“XL“1 o ) ) 

IF iURH0^*{K-=l'=n}cLToM*F“40) oANDof AKolTolcE-20) ) GO TO 4 
CSUM=CSUM«AK>i‘<RHO** 

.TCSUM^CSiJM 


o u 


■AKM2=AKM I 
AKM1=AK 

3 C0NTSNU6’ 

4 CO^iTlNUE 
PHI=CSUH. 

Fti^R=CLN*(RHO*^ a+l n«PHI 

RETURN 

ENO 

SUBROUTINE RDINT (GRNO^l.AMp X) ' 

DO INTE'GRATION OVER WAVE FUNCTIONS 

GCNMON PSNI52n,PE(521)»C/RANS,Y(521)<,KKK 

YSUN«OcQ 

VANS^OoC 

CEtV^OcCC25 

Yin^OcO 

YMIN*OoO 

YMAX = Oo 1 

K V = 1 

L=l 

JY=4]l 

1; CC 10 ■ h-L vJY 
flF UY«.n 2^4,2 

2 IF ( IY«iL J 593 v5 

3 YCUsYMIN 
GC TO 6 

4 SWTXsOoC 
GO TO 7 

5 YaY)«Y« rY«ll^D£LY 

6 CONT INUE 
W=C*Y(IY)#X 
ffGRND(iLAMoW) . 

SWTX'sPF(lIVJ«F«PIN( lY) 

IP=6 

7 KV=“>KV 

SF i ( IY“LS*UY = JY)#KY) 

0 YSUM=:YSUM-5-2^»SMTX 
9 YSUM=YSUM-5-SlHTK 
10 YSUM-YSUM'fl-SWTX 

YANS = 0EiY>?'YSUM/3«-<'YANS 
CEtY==DeLY4DELY 
L = JY 

JY=JY-KfO 
. YSUM^OoC 
, YN IN=YMAX . . 

YMaX=YM4X-e-40o*OeLY 

KY=l 

IF uY==KKK=n uiiai 
M RfiNS-YANS^C 

.’ RETURN ■ 

END 

FUNCTION BJ a^W) 

• IF tWoLTe lo ) GO TO a ■ • 

SW-SINIW) 

c^=cns(w) 

'■ Ll=L^l , , ■ .■ 

GC TO d'p2^394?5',6s 7), Ll. ■ 

• T BJ = SW/W 
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RETURN 

2 BJ=SW/ ' 

RETURN 

■ -RETURN 

4 . 0J-15o«'SW/’?W'S'*^} = l5o*CVJ/( W^!*«3) =6 SW/r ) ^'CW/W 
RETURN 

5 8J = l05o^SW/3W**5 )“105o*CW/? «45 o’4'SU/nsl’t«#3? ^-10 W**2) -J-SW/W 

RETURN 

6 e j^945o *Sti}/T W**6)«945o*CN/( ■«420o* SN/< W**4 1 ^-105 o #CW/ « W **3 ) -H5» 

• l^SW/<W«« 2 )=>CN/W 

RETURN 

7 BJ = 10395o*SW/iW^#7J = l0395^*CV;/f W^’^6)‘=472'5 ^’^SW/lVJi^*5 5’J‘,1260<* *CW/3W^* 

14 1 4-2 lOo SW / C W«'* 3 5 = 2 1 o*C iN/ ( > “ SW/W 

RETURN 
■. 0 Ki-L 

XN = Kt'^lo 

A=iW«*2S/(2o#S2<,*KL + 3o I ) 

■■■. e*3W9*4S/18o^I2o*XL + 3=}*|.2<.*XL^^9.M 

. ej=( }#5 2c^*XN J^^'FA-GTf XNS/FfiCT(2o*XN) ) 

RETURN 

■END 

.'FUNCTitON RN ILvW) 

RN=W4iirL 

RETURN 

ENC, , . 

FUNCTfON TJ (XUX2,X3) 

C .CALCULATE 3-^J- SYMBOL' 

A*X 1L-0-X2-X3 


B=XX'frX 3 «X 2 
.■BF = FACT.LBi' 

■ C=X 2 <-X 3 “X.l 
CF=FACr«C) 

C“Xl<^X 2 <^X 3 «lo 

DF^FACTLC) 

, E= 5 Xi- 0 'X 2 ^X 3 )/ 2 . 

. . ’EF^FACT^E) ■■ 

ElsE'^'Xl 

ElFiFACTiEl) 

£2=E®X2 

E 2 F=FACT 4 E 2 ) 

E 3 =E«K 3 

E 3 F=FACT(E 3 ) 

TJ = ( S0RT3AF«=BF’*'CF/0F ) )* ( FF / ( E 1 F^E2F>f'F3 F )) 

RETURN 

END . 

FUNCT 50 N FACT JA) 

C CALCULATE FACTORIAL OF A NUMBER (A). 

: .FACT-lo - . ' 


.IF iAcEQaOoO) AA = loO 

•J= 5 AA 

. DO I J*UJ 
■ • 6'* I 

I FACT*FACT>?^6 .. 

RETURN 
END . 



b) Discussion 

This program calculates the first five partial-wave electron 
impact ionization cross-sections for a value of. the incident 
energy using the Coulomb-Born approximation. The program con- 
sists of a main program and six subroutines. 

It begins by reading the.initia.l state radial wave function. 
PIN and related parameters {eigenenergy* orbital angular momentum, 
etc.) whose values are discussed in the User Manual --Appendix VII. 
After constructing the x-mesh (called T(Il)) the incident energy 
is read. 

The final state angular momentum quantum number (XLZ) is 
. selected. For the particular value, of the incident energy ZN(I);, 
the maximum allowed value of the wave vector, for the secondary, 
electron KAPAMX is fbund. Within the range '0 to KAPAMX, a value; 
of KARA is selected, and the. '.integration over KAPA is begun. For' 
these values of XLZ and KAPA the final state Coulomb wave function 
is found by calling the function FLNR. 

If the initial orbital angular momentum XU, and the final 
angular momentum are the same the final state radial wave func- 
tion is forced to be orthogonal to the initial, state radial wave 
function, i.e. PF =;PF - [/ dr(PF) (PIN) ] PINj N- 

The limits on the momentum transfer integral XMAX, XMIN, are 
found and the integral over the momentum transfer for this value 
of the secondary election wave number is carried out. This is 
done by calling the radial integration routine POINT, and by 
use of the 3-j symbol routine TJ. 



Another value of the secondary electron Wave number is selected 
and the process repeated until the maximum allowed value of KAPAMX 
is reached, giving the partial cross-section for this value of 
the final angular momentum. 

The next value of the final angular momentum is selected and 
the process Is repeated until the Partial Cross-Section Q(L) for 
L =0, 5 are found. These partial cross-sections are added 
together to give the "total" ionization cross-section , SG, for 
this value of the incident energy. 

The partial cross-section and the total cross-section are 
then printed out in the form shown in the User Manual. 

Using the IBM 360/75 computer, the program lONCST had a run 
time of (7 mih 6 sec) for the Helium case for one value of the 
incident energy. In this case the additional time is primarily ' 
due to the evaluation of the Coulomb wave function. 



VI. SOME SAMPLE RESULTS FOR EXCITATION 

In this chapter some results of the excitation cross-section calcu- 
lations will be presented. Recall (Page 3) that for assessing the 
accuracy of various calculations the only methods' available are those of 
comparing the cross-sections obtained in the various calculations with 
one another and with the limited experimental data available. 

, The tables presented will include reference data from other calcu-, 
lations and experimental work so that a comparison can be made. The two 
families of elements selected for presentation here were chosen to demon- 
strate what I expect to be the best and worst cases for the calculation. 

The Alkali family, which is an excellent approximation to the one-electron ■ 
model, and the Inert family, where the inert-core-active electron assump- 
tion is weakest. ' 

1 ) Tables ‘ ’ 

The two sets of tables will now be presented and a discussion, . ■ 
of the results will follow, 

a) Alkali Excitation Tables. ' T. 

, To establish a straight-forward comparison of the results , ; 
of this calculation with the literature I chose to calculate' 
cross-sections for the Alkali elements using the energy . . 
values of Vainshtein (1964). Vainshtein and his co-workers ^ 

carried out a study of the Alkali family using the Born 
approximation that was reprinted in the classic work of 
Moiseiwitsch and Smith (1968). The organization of the 
Vainshtein tables has been used here. First the resonance 
(ns-np) transitions of the Alkalis are examined. 



Then for each of the elements of the Alkali family, the 
first few transitions are calculated. 

The Vainshtein* values are designated Born (1) in the 
■tables that follow. The Born calculation of the present 
work is. designated Born (2). 

The energy range N is given in threshold units; the 
transition energy EPSIL is in units of twice the Rydberg; 
and the cross-sections are measured in units of Tran^* 

D 


*Vainshtein, L. A.,„ V. Opykhtin , and L. Presnyakov, 1964a, P. N. Lebedev 
Institute, of Physics Report A-53. 

and ' ^ 

Vainshtein, L. A., V, Opykhtin, and L. Presnyakov 1964b, 2h. Eksperim. 
Teor. Fig ^,2306 English Transla; Soviet Physics. - JETp 18, 1383 
(1964) as reprinted in Moiseiwitsch and Smith (1968). 



ALKALI ELEMENT C-SECTION TABLES 


Li: 

2s-2p 

Born(l), 

Born(2) j 

Ochkur , 

Bethe, 

Mod. Bethe 

Na: 

3s-3p 

Born( T) , 

Born(2), . 

Ochkur , 

Bethe, 

' Mod,, Bethe* 

K: 

.4s-4p 

Born(l), 

Born(2) , 

Ochkur, 

Bethe, 

Mod. Bethe 

Rb: 

5s-5p 

Born(l), 

Born(2)', 

Ochkur, 

Bethe,, 

Mod. Bethe' 

Cs: 

6s-6p 

Born(l ) , 

Born(2) » 

Ochkur, 

Bethe, 

Mod. Bethe 


Li:, 

2s-3p 

Born(l ) , 

Born(2) , 

Bethe,. , 

Ochkur 


2s-4p 

Born(l ) , 

Born(2) , 

Bethe, 

Ochkur 


2s-5p 

Born(l ) , 

Born(2) , 

Bethe.,- 

Ochkur 


2s-3s 

Born(l ) , 

Born{2) , 

Bethe, 

Ochkur 


2s-4s 

Born(l) , 

Born(2), 

Bethe, 

Ochkur 


2s-5s 

Bornfl ) , 

Born{2) . 

Bethe, 

Ochkur 


2s-3d, 

Born(l), ' 

Born(2), 

Bethe, 

Ochkur 


2s-4d 

. Born(l) , 

Born(2) , 

Bethe, 

Ochkur 


2s -5d 

Bornfl ) , 

Born(2), 

Bethe, 

Ochkur 


For the i 

remaining transitions Born(T:), Bethe, 

and Ochkur results' are 

giver 

i; 





Na: 

3s-4p 

, 3s-4s' 

3s-3d 

3s-7d 

' ■ ■ ' ■ . '• 


3s-5p 

3s -5 s 

3s-4d 


■ ' ' ■ 


3s-6p 

3s-6s 

3s-5d 




3s-7p 

3s-7s 

. 3s-6d 



K: 

4s-5p 

4s-5s 

4s-3d 

4s-6d 



4s-6p 

4s-6s 

4 s -4d 

- 



4s-7p 

4s-7s 

4s-5d 



Rb; 

5s-6p 

5s-6s 

5s-4d 

5s-7d ' 



5s-7p 

' 5s-7s 

5s-5d 




5s -8p 

5s-8s 

5s-6d, 



Cs; 

6s-7p 

6s-7s 

6s-5d 

6s-8d 



6s-8p 

6s -8s 

6s -6d 




. 6s -9p 

' 6s-9s 

6s-7d 




Note (1.): The use of the cut-off parameter In the Bethe calculation can 

lead to negative cross-section when "^or'low values 

of the incident energy. These non- physical values 

have been set equal to zero. 

*Note (2); Since the well-known sodium 3s-3p transition was recently the 
subject. of a careful experimental study^ the data from thaf. 
study is given. 



LITHIUM SODIUM 

2s-2p . 3s-3p - 




EPSIL 

= 6.79 (-2) 




EPSIL = 

7.73 (-2) 



N 

BORN(l) 

B0RN(2) 

OCHKUR 

BETHE MODBETHE 

BORN(l) 

BORN (2) 

OCHKUR 

"bethe 

MODBETHE 

EXP* 

1.02 

4.14(1) 

'4.07(1) 

3.99(1) 

'6.96(0) . p.'o 

3.07(1) 

3.08(1) 

3.00(1) 

0.0 

0.0 

1.75(1) 

1.04 

5.71 (!) 

5.62(1) 

5.54(1) 

,2.43(1) 0.0 

‘4.26(1) 

4.27(1) 

4.14(1) 

O'.O 

0.0 

1.81(1) 

i.08 

7.71(1) 

7.58(1) 

7.55(1) 

4.68(1) . 0.0 , 

5.78(1) 

5.79(1) 

5.62(1.) 

0.0 

0.0 

1 .94(1) 

1.16 

9.98(1) 

9.81(1) 

9.55(1) 

7.36(1) 0.0 

7.56(1) 

7.58(1) 

7.07(1) 

2.50(1) 

0.0 ■ 

2.20(1) 

1.32 

1.20(2) 

1 .18(2) 

1.14(2), 

1.00(2) 0.0 

9.32(1) 

9.32(1) 

8.45(1) 

5.87(1) 

0.0 

2.72(1) 

1.64 

1.31(2) 

1.28(2), 

1.19(2) 

1.18(2) 5.55(1) 

1.04(2) 

1.04(2) 

9.14(1) 

8.56(1) 

1 .80(1) 

3.30(1) 

2.28 

1.24(2) 

1.22(2) 

1.10(2) 

1.18(2) 6.38(1) 

1.02(2) 

1.03(2) 

9.04(1) 

9.56(1) 

3.76(1) 

3.52(1) 

3.56 

1 .03(2) 

1.01(2) 

9.17(1) 

9.98(1) 6.14(1) 

8.84(1) 

8.85(1) 

8.07(1) 

8.66(1) 

4.43(1) 

3.65(1) 

6.12 

7.53(1) 

7.35(1) 

6.92(1) 

7. 38(1), 5. 06(1) 

6.66(1) 

6.66(1) 

6.33(1) 

. 6.67(1) 

4.11(1) 

. 3.56(1) 

11.24 

■5.01(1) 

4.89(1) 

4.74(1) 

4.93(1) ,3.66(1), 

4.54(1) 

4.53(1) 

4.42(1) 

4.57(1) 

3.17(1) 

3.15(1) 

21.48 

3.12(1) 

3.04(1) 

3.00(1) 

3.07(1)2.40(1) 

2.87(1) 

2.87(1) 

2.84(1) 

2.90(1) 

2.17(1) 

2.42(1) 

41 .96 

1.86(1) 

1.81(1) 

1.80(1) . 

1.83(1) 1.48(1). 

1.73(1) 

1.73(1) 

1.72(1) 

1.75(1) 

1.37(1) 

1.66(1.) 


* Linear Interpolation From "Enemark, E. A., and A. Gallagher, (1972) PHys. Rev. A, 192". 



N 

1.02 
1 .04 
■1 .08 
1.16 
1.32 
1.64 
2.28 
3.56 
6.12 
11.24 
21.48 


POTASSIUM 

4s-4p 

EPSIL = 5.93 (-2) 


BORN(l) 

BORN (2) 

OCHKUR 

BETHE 

MODBETHE 

5.47(1) 

5.51(1) 

5.36(1). 

0.0 

0.0 

7.57(1) 

7.65(1) 

7.39(1) 

. 0.0 

0.0 

1.03(2) 

1.04(2) 

1.00(2) 

0.0 

0.0 ■ 

1 .35(2) 

1.37(2) 

1.26(2) 

2.77(1) 

0.0 

1 .66(2) 

1.69(2) 

1.51(2) 

9.58(1) 

0.0 

1.87(2) 

1.91(2) . 

1 .65('2) 

1.52(2) 

8.85{0) 

1,86(2) 

1.91(2) 

1.67(2) 

K75(2) 

4.80(1) 

1.59(2) 

1.66(2) 

1.51(2) 

1.62(2) 

6.92(1) 

1.20(2) 

1.26(2) 

1.20(2) 

1.26(2) 

6.86(1) 

8.21(1) 

8.60(1) 

8.41(1) 

8.67(1) 

5.54(1) 

5.20(1) 

5,47(1) 

5.41(1) 

5.52(1) 

3.89(1) 

3.14(1) 

3.31(1) 

3.29(1) 

3.34(1) 

2.51(1) 


RUBIDIUM 

5s-5p 

EPSIL = 5.78 (-2) 


BORN(l) 

B0RN(2) 

OCHKUR . 

BETHE 

MODBETHE 

5.85(1) 

5.66(1) 

5.47(1) 

0.0 

0.0 

8ni(l) 

7.86(1) 

7.54(1) 

0.0 

0.0 

1.10(2) 

1 .07(2) 

1.02(2) 

0.0 

0.0 

1.46(2) 

1.42(2) 

1.29(2) 

1.11(0), 

0.0 

1.80(2) 

,1.78(2.) 

1.55(2) 

8.33(1) 

0.0 

2'.03{2) 

2.04(2) 

1.73(2) 

1.53(2) 

0.0 

2.02(2) 

2.07(2) 

1.80(2) 

1 .86(2) ' 

3.59{1) 

1.76(2) 

1.82(2) 

i .66(2) 

1.76(2) 

6.59(1) 

1.33(2) 

1.39(2) 

1.33(2) 

1.39(2) 

7.10(1) 

9.13(1) 

9.60(1), 

9.39(1) 

9,67(1) 

5.94(1) 

5.80(1) 

. 6.13(1) 

6.07(1) 

6.19(1) 

4.25(1) 

3.51(1) 

3.72(1) 

3.71(1) 

3.76(1) 

■ 2.77(1) 


41.96 



■ CESIUM 


EPSIL 


■ N 

-BORN(l) 

B0RN(2) 

1.02 

7.50(1) 

7.06(1) 

1.04 

1.04(2) 

9.82(1) 

1.08 

1.41(2) 

1 .35(2) 

1.16 

1.86(2) 

1.79(2) 

1.32 

2.30(2) 

2.26(2) 

1.64 

2.60(2) 

2.62(2) 

2.28 

2.60(2) 

2.69(2) 

3.56 

2.26(2) 

2.39(2) 

6.12 

1 .72(2) 

1.85(2) 

n .24 

1.17(2) 

1.28(2) 

21 .48 

7.46(1) - 

8.21(1) 

41 .96 

4.52(1) 

5.00(1) 


6s-6p 

- 5.21 (-2) 

OCHKUR BETHE MODBETME 

6 . 81 ( 1 ) 0.0 ' 0.6 

9.38(1) 0.0 O.Q- 

1.27(2) 0.0 0.0 

1.60(2) 0.0 - 0.0 
1.95(2) 8.78(1)- 0.0 

2.21(2) 1.88(2) 0.0 

2.34(2) 2.39(2) 2.63(1) 

2.19(2) 2.31(2) 7.27(1) 

1.77(2) 1.84(2) 8.56(1) 

1.25(2) 1.29(2) 7.45(1) 

8.14(1) 8.29(1) 5.46(1) 

4.98(1) 5.05(1) 3.61(1) 



LITHIUM 


2S“3p - 2s-4p 



EPSIL = 1.41 

(-1) 


... 

. EPSIL 

= 1.66-(-l) 


N 

BORN(l) 

B0RN(2) 

BETHE 

OCHKUR 

BORN(l) 

B0RN(2) 

BETHE 

OCHKUR 

1.02- ■ 

9.67(-l.) 

9.74(-l) 

2.76(-0) 

9.72(-l) 

2.24(-l) 

2.27(-l) 

3.24(-l) 

2.28(-l) 

1.04 

1.30(0) . 

■1.32(0) 

2.72(-0) 

1.34(-1) 

3.0K-1) 

3.05(-l) 

3.30(-l) 

3.14(-1) 

1.08 

1.68(0) 

. 1.70(0) 

2.64(-0) 

1.79(-0) 

3.84(-l) 

3.90(-l) 

3.35(-l) 

4.16(-1) 

1.16 

2.01(0) 

2.03(0) 

2.48(-0) 

2.15(-0) 

4.49(,-l) 

4.56(-l) 

3.33(-l) 

4.95(-l) 

1.32 

2.11(0) 

2.15(0) 

2.21(-0}' 

2.29.(-0) 

4.67(-l) 

4.67(-l) 

3.18(-1) 

5.10(-1) 

1.64 

1.87(0) 

1.92(0) 

1.80(-0) 

1.90(-0) 

3.91(-T) 

4.02(-l) 

2.82(-l) 

4.04(-l) 

2.28 

1.39(0) 

1.43(0) 

1.33(-0) 

1.27(-0) 

2.84(-l) 

2.93(-l) 

2.26(-l) 

2.56(-l) 

3.56 . 

8.9K-1) 

9.22(-l) 

8.7K-1) 

7.34(-l) 

1.84(-1) 

1.89(-1) 

1.62(-1) 

1.56(.-1) 

.6.12 

. 5.20(-l) 

5.37(-l) 

5.19(-1) 

4.66(-l) 

1.13(-1) 

1.13(-1) 

1 .05(-l) 

9.76(-2) 

11 .24 

2.88(-l) 

2.94(-l) 

2.90(-l) 

2.69(-lj 

6.67(-2). 

6.55(-2) 

6.39(-l) 

5.99(-2) 

21.48 

1.55(-1) 

1.56(-1) 

1 ,56(-l) 

T.49(-l) 

3.85(-2) 

3.69(-2) 

3.69(-2) . 

3.53(-2) 

41.96 

8.23(-2) 

8.16(-1) 

8,19(-2) 

7.95(-2) 

2.19(-2) 

2.05(-2) 

2. 07 (-2) 

2.00(-2) 





N 

1.02 

I . 04 
1.08 
1.16 
1.32 
1.64 
2.28 
3.56 
6.12 

II. 24 
21.48 


LITHIUM 


2s-5p 

EPSIL = 1.78 (-1) 


BORN(T) 

B0RN(2). 

BETHE 

OCHKUR 

8.95(-2) 

9.07(-2) 

7.90(-2) 

9.12{-2) 

T.20(-l) 

1.21(-1) 

8.43(-2) 

1. 26(^1) 

1.52(-1) 

1.54(-1) 

9.03(-2) 

1.66(-1) 

1.76(-1) 

1.79(-1) 

9.58(-2) 

1.97(-1) 

1.77(-1) 

1.82(-1) 

9.8K-2) 

2.00(-1) 

1.50(-1) 

1 ,55(-l) 

9.35{-2) 

1.56(-1) 

1.09(-1) 

1.12(-1) 

8.00(-2) 

9.78(-2) 

7.21(-2) 

7.32(-2) 

6.09(-2) 

6.02(-2) 

4.54(-2). 

4.5K-2) 

4.15(-2) 

3.89(-2) 

2.78(-2) 

2.69(-2) 

2.62(-2) 

_2.47{-2) 

1.65(-2) 

1.56(-2) 

1.56(-2) 

1.50(-2) 

9.63)-3) 

8.89(-3) 

8.99(-3) 

8.71(-3) 


2s-3s 

EPSIL =1.24 (-1) 


BORN( 1 ) 

B0RN{2) 

- BETHE 

OCHKUR 

1.21(0) 

1.23C-0) 

1.03(0) . 

l.20(-0) 

1.66(0) 

1.68(-0) 

1.83(0) 

1 .64(-0) 

2.21(0) 

2.24(-0) 

2.72(0) 

2.l7(-0) 

2.79(0) 

2.83{-0) 

3.55(0) 

2.62(-0) 

3.25(0) 

3.27(-0) 

4.04(0) 

2.9K-0) 

3.33(0) 

3.32{-0) 

3.94(0) 

2.83(-0) 

2.90(0) 

2.88(-0) 

3.23(0) 

2.45(-0) 

2.12(0) 

2.10(-0) 

2.25(0) 

l.86(-0) 

1.34(0) 

1.33(-0) 

1 .37(0) 

1 .23(-0) 

7.68(0) 

7.55(-l) 

7.66(-l) 

7.24(-l) 

4.12(0) 

' 4.05(-D- 

-4.06(-l) 

3.96(--l) 

2.14(0) 

2.10(-1) 

2.lO(-l) 

2.08(-l) 


41.96 



N 

1 .02 
1.04 
1.08 
1.16 
1.32 
1.64 
2.28 
3.56 
6.12 
11.24, 
21.48 


LITHIUM ■' 

2s-4s ^ ■ 2s-5s 


EPSIL 

= 1.60(-1) 




EPSIL = 1 

.75 (-1) 


BORN(l) 

B0RN(2) 

BETHE 

OCHKUR 

BORN(l) 

B0RN(2) . 

BETHE 

OCHKUR 

2.13(-1) 

2.17{-1) 

4.43(-l) 

2.1K-1) 

7.81(-2) 

7.89(-2) 

1 .83(-l) 

7.65(-2) 

2.91(-1) 

2.96{-l) 

5.3K-1) 

2.86(-l) 

1.07(-1) 

1 .08{-l) 

2.10(-1) 

1.04(-1) 

3.86(-l) 

3.9K-1). 

6.24(-l) 

3.76(-l) 

1.41 (-1) 

1.42(-1) 

2.36(-l) 

1.36(-1) 

4.84(-l) 

4.88(-l) 

7.00(-l) 

4.47(-l) ■ 

1.76(-1) 

1.76(-1) 

2.59(-l) 

1.60(-1) 

5.55(-l) 

5.56(-l) 

7.24,(-l) 

4.86(-l) 

2.0K-1) 

2.00(-l) 

2.62(-l) 

1.73(-1) 

5.58(-l) 

5.56(-l) 

6.64(-l) 

4.64(-l) 

2.00(-l) 

1.98(-1) 

2.37(-l) 

1.65(-1) 

4.76(-l) 

4.71 (-1) 

5.25(-l) 

3.96(-l) 

1.60(-1) 

1.67(-1) 

1.85(-1) 

1.40{-1) 

3.42(-l) 

3.37{-l)3.57(-l) 

2.97{-1) 

1.2K-1) 

1.18(-1) 

1.25(-1) 

1 .04(-l) 

2.T3(-1) 

2.09(-l) 

2.15(-1) 

1.93(-1) 

7.50(-2) 

7.32(-2) 

7.52{-2) 

6.76(-2) 

1.20(-1) 

1.18(-1) 

1-19(-1) 

1.13(-1) 

4.23(-2) 

4.12(-2) 

4.17(-2) 

3.94(-2) 

6.43(-2) 

6.30(-2) 

6.3K-2) 

6.15(-2) 

2.25(-2) 

2.19{-2) 

2.20(-2) 

2.14(-2) 

3.32(-2) 

3.25(-2) 

3.25(-2) 

3.22(-2) 

1.16(-2) 

l,13(-2) 

1.13(-2) 

1.12(-2) 


41.96 



LITHIUM 

2s-3d 


EPSIL = 1 .43 (-1) 


'.N ^ 

BORN(l) 

B0RN(2) 

BETHE 

OCHKUR 

1.02 

1.38(0): 

1.3K-0) 

0.0 

1 .26(-0) 

1.04 

1.90(0) 

1.80(-0)' 

0.0 

1.73(-0) 

1 .08 

2.56(0) 

2.43(-0) 

0.0 

2.31 (-0) 

1.16 

3.31(0) 

3.13(-0) 

0.0 . 

2.83(-0) 

1.32 

3.96(0) 

3.73(-0) 

9.82(-lj 

3.24(-0) 

1.64 

4.19(0) 

3.94(-0) 

2.81 (-1) 

3.32(-0) 

2.28 

3.77(0) 

,3.52(-0) 

3.18(-0) 

3.0K-0) 

3.56 

2.82(0) 

2!63(-0) 

2.56(-0) 

2.35(-0) 

6.12 

1.81(0) . 

1 .69(-0) 

1.67(-0) 

1 .58(-0) 

11.24 

1.04(0) 

9.70(-1) 

9.69(-l) 

9.35(-l) 

21.48 

5.62(-l) 

5.23(-l) 

5.23(-l) 

5.13(-1) 


2.92(-T) ,2.72(-l) 2.72(-l) 2.69(-l) 


41.96 


.2s.^4d 


EPSIL = 1.67 (-1) 


BORN(l) 

B0RN{2) 

BETHE 

OCHKUR 

4.09(-l.) 

3;91(-1) 

0.0 

3.79(-l) 

5.62(-l) 

5.36(-l) 

0.0 

5.16(-1) 

7.56(-l) 

7.15(-1) 

0.0 

6.83(-l) 

9.53(-T) 

9.07(-l) 

2.60(-l) 

8.25(-l) 

1.11(0) 

1.06(-0) 

7.26(-l) 

9.22(-l) 

1.14(0) 

1.08(-0) 

9.54(-l) 

9;i0(-l) 

9.86(-l) 

9.35(-l) 

9.00(-l) 

7.94(-l) 

7.16(-1) 

6.79(-l) 

6.72(-l) 

6.02(-l) 

4.50(-l) 

4.26(-l) 

4.25(-l) 

3.96(-l) 

. 2.56(-l) 

2.42(-l) 

2.42(-l) 

2.32(-l) 

1.37(-1) 

1.30(-1) 

1 .30(-l) 

1.26(-1) 

7.08(-2) 

6.7K-2) 

6.7K-2) 

6.63(-2) 


o 

ro 



LITHIUM 

2s-5d 

EPSIL = 1 .78 (-1) 


N 

- -bornCD . 

B0RN(2) 

BETHE ' 

OCHKUR 

1.02 

1.79(-1) 

1.7K-1)' 

0.0 

1.66{-1) 

1 .04 

2.45(-l) 

2.35{-l) 

0.0 

2.26(-r) 

1.08 

3.26(-l) 

3.12(-1) 

2.23(-2) 

2.98(-1) 

1.16 

4,10(-1) 

3.93(-1) 

2.14(-1) 

3.58{-l) 

1.32 

4.73(-l) 

4.52{-l) 

3.65(-l) 

3.95(-l) 

1.64 

4.78(-l) 

4.57(-l) 

4.25(-l) 

3.84(-l) 

2.28 

4.08(-l) 

3.90(-l) 

3.82(-1) 

3.30(-l) 

3'. 56; 

2.93(-l) 

2.80(-l) 

2.78(-l) 

2.47(-l) 

6.12 

1.82(-1) 

1.74,(-1) 

1.74(-1) 

1.61(-1) 

11.24 

1,03(-1) 

9.85(-2) 

9.85(-2) 

9'.43(-2) 

21.48 

5.50{-2) 

5.26(-2) 

5.26(-2) 

5.14(-2) 

41.96 

2.85(-2) 

2.72(-2) 

2.72(-2) 

2.69(-2) 
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SODIUM 


3s-4p .SSrSp 3s-6p 



EPSIL 

= 1.38 (- 

■1) 

EPSIL = 

1.60 (-1) 


EPSIL = 

1.70 (-1) 


N 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) . 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

1.02 

1.43(0) 

6.61 (-0) 

1.40(-1) 

3.85(-l) 

l)66(-0) 

3.75(-l) 

1.64(-1) 

6.77(-l) 

1.59(-1) 

1.04 

1.95(0) 

6.56(-0) 

1.9K-0) 

5.23(-l) 

1.64(-0) 

5.1K-1) 

2.22(-l) 

6.66(-l) 

2.16(-1) 

1.08 

2.58(0) 

. 6.42(-0) 

2.53(-0) 

6.83(-l) 

1.59C-0) 

6.68(-l) 

2.89(-l) 

6.44(-l) 

2.82(-l) 

,1.16 

3.20(0) 

6.10(-0) 

3.03(-0) 

8.37(-l) 

1.49(-0) 

7.88(-l) 

3.51 (-1) 

6.30(-l) 

3.30(-l) 

1.32 . 

3.63(0) 

5.52(-0) 

3.28(-0) 

9.25(-l) . 

1 .33(-0) 

8.32{-l) 

3.84(-l) 

5.34(-l) 

3.44(-l) 

1.64 

3.60(0) 

4.60(-0) 

3.06(-Q) 

8.90(-l) 

1.09(-0) 

7.46(-l) 

3.65(-l) 

4.35(-l) 

3.04(-l) 

2.28 

3.06(0) 

3.45(-0) 

2.53(-0) 

7.3b(-l) 

7.97(-n 

5.92{-T) 

2.96(-l) 

3.17(-T) 

2.37(-l) 

3.56 

2.22(0) 

2.32(-0) 

1 .88(-0) 

5.13C-1) 

5.22(-l) 

4.26(-l) 

2.05(-l) 

2.06(-l) 

1 .68(-l) 

6.12 

1 .42(0) 

1 .42(0) 

1 .26(-0) 

3.18(-1) 

3.11(-1) 

2.75(-l) , 

1.26(-1) 

1 .22(-l) 

1.08(-1) 

11.24 

8.39(-l) 

8.1.0('-i) 

7.62(-l) 

1.8Z(-1) 

T.73(-l) 

1.63(-1) 

7.10(-2) 

6.73(-l) 

6.30(-2) 

21.48 

4.68{-l) 

4.45(-1) 

4.32(-l) 

9.9K-2) . 

9.30(-2) 

9.00(-2) 

3.83(-2) 

3.58(-2) 

~3.47(-2) 

41 .96 

2.54(-l) 

2.39(-l) 

2.‘36(-l) 

5.25{-2) 

4. 88(^2) 

4.81(-2) 

2.01 (-2) 

1..86(-2) 

1 .84(-2) 


o 



SODIUM 




3s-7p 


3s- 

4s 


3s- 

5s 



EPSIL 

= 1.76 (- 

1) 

EPSIL = 1 

.17 (-1) 


EPSIL = 1 

.51 (-1) 


N 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

1.02 

8.65{-2) 

3.47(-l) 

8.38(-2) 

1.27(0) 

6.92{-l) 

1.32(-0) 

2.25(-l) 

4.60(-l) 

2.32(-l) 

1.04 

1.17(-1-) 

3.4H-1) 

1.14(-1) 

1.75(0) 

1.70(0) 

1.8K-0) 

3.08(-l) 

5.70(-l) 

3.14(-1) 

1 .08 

1.52(-1) 

' 3.30{-1) 

1.48(-1) 

2.33(0) 

2.83(0) 

2.39(-0) 

4.09(-l) 

6.89(-l) 

4.12(-1) 

1.16 

1.84{-1) 

3.08(-l) 

r.73(-iy 

2.96(0) 

3.89(0) 

2.89(-0) 

5.15(-1) 

7.89(-l) 

4.90(-l) 

1.32 

2.0K-1) 

2.73(-l) 

1.78(-1) 

3.47(0) 

4.57(0) 

3.23(-0) 

5.96(-l) 

8.29(-l) 

5.37(-l) 

1 .64 

1.90(-1) 

2.2K-1) 

1.57(-1) 

3.58(0) 

4.54(0) 

3.19(-0) 

6.06(-l) 

7.67(-l) 

5.24(-l) 

2.28 

. 1.53(-1) 

1.6K-1) 

1-2K-1)- 

3.15(0) 

3.76(0) 

2.82,(-0) 

5.2K-1) 

6.10(-1) 

4.58(-l) 

3.56 

1.06(-1) 

r.04(-l) 

8.54(-2) 

2.32(0) 

2.63(0) 

2.17(-0) 

3.76(-l) 

4.17(-1) 

3.46(-l) 

6.12 

6.47(-2) 

6.13(-2) 

5.43(-2) 

1 .47(0) 

1 .61(0) 

1 .44(-0) 

2.35(-l ) 

2.52(-l) 

2.27(-l) 

11.24 

3.65(-2) 

3.38(-2) 

3.17(-2) . 

8.43(-l) 

9.00(-l) 

8.51(-1) 

1.33(-1) 

1 .40(-l) 

1,.32(-1) 

21 .48 

1.96(-2) 

T.79(-2) 

1 .73(-2) 

4.53(-l) 

4.78(-l) 

4.66(-T) 

7.1K-2) 

7.40(-2) 

7.2K-2) 

41 .96 

1.03(-2) 

9.30(-3) 

9.16,(-3) 

2.35(-l) 

2.46(-l) 

2.44(-l) 

3.68(-2), 

3.81 (-2) 

3.77(-2) 


0 

01 



SODIUM 




3s-6s 


3s 

;-7s 



3s-3d 



EPSIL 

= 1.66 C- 

-1) 

EPSIL = 

1.73 (-1) 


EPSIL 

- 1 .33 (-1) 


N ' 

,B0RN(1) 

BETHE 

OCHKUR^ 

•BORNO) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

'OCHKUR 

1 .02 

8.02(-2) 

1 .96(^1) 

8.40(-2) 

3.94(-2) 

l.OO(-l) 

4.07(-2) 

1.94(0) 

0.0 

1 .80(-0) 

1.04 

l.lO(-l) 

2.30(-l) 

1.14(-1) 

5.40(-2) 

1.16(-1) 

5.50(-2) 

2.67(0) 

0.0 

2.46(-0) 

1.08 

1.46(-1) 

2.65(-l) 

1.48{-1) 

7.16(-2) 

1.3K-1) 

7.17(-2) 

3.60(0) 

0,0 

3.28(-0) 

1.16 

1.83(-1) 

2.94(-l) 

1.76(-1) 

8.99(-2) 

1.44(-1) 

8.46(-2) 

4.62(0) 

0.0 

4,.02(-0) 

1.32 

2.11(-1) 

3.01(-1) 

1.9U-1) 

T.03(-l) 

1.46(-1) 

9.19(-2) 

5.49(0) 

0.0 

4.60(-0) 

1,64 

2 . 141 - 1 ) 

2.73(-l) 

1.86(-1) 

1 . 04 (- 1 ) 

1.32(-1) 

i5.93(-2) 

5.76(0) 

4.00(-0) 

4.70(-0) 

2.28 

■ 1.83(-1) 

2.15{-1) 

1.62(-1) 

8.87(-2) 

1.03(-1) 

7.75(-2) 

5.13(0) 

4.50(-0) 

4.25(-0) 

3.56 

1.3K-1) 

1.46(-1) 

1.22(-T] 

6. 34 (-2) 

6.96(-2) 

5.81(-2) 

3.82(0) 

3,60(-0) 

3.3K-0) 

6.12 

8.17{-2) 

8.79(-2) 

7.92(-2) 

. 3.94C-2) 

4.18(-2) 

3.77(-2) 

2.44(0) 

2.36(-0) 

2.22(-0) 

11.24 

4.6T(-2) 

4. 88 (-2) 

4.62(-2) 

2.22(-2) 

2.32(-2) 

2.20(-2) 

1.40(0) 

1.36(-0) 

1.3K-0) 

.21,48 

■ 2.46(-2) 

2.58(-2) 

2.53(-2) 

1.18{-2) 

1-23(-2) 

1 .19(-2) 

7.56(-l) 

. 7.35(-l) 

7.2K-1) 

41.96 

1.27(-2) 

1 .33(-2) 

1.3K-2) 

6.11 (-3) 

6.30(-3) 

6.24(-3) 

3.93{-l) 

3.82(t1) 

3.78(-l) 


o 

a> 



SODIUM 




3s -4d 


- 3s 

;-5d 


3s- 

-6-d 



EPSIL 

=1.57 (-1) 


EPSIL = 

1.69 (-1) 


EPSIL 1 .75 (-1) 


N 

BORN(l) - 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

1.02 

5.45(-l) 

0.0 

5.1K-1) 

2.34(-l) 

0.0 

2.19(-1) 

1.22(-1) 

,0.0 

1.16(-1) 

1.04 

7.46{-l) 

0.0 

6.96(-l) 

3.19(-1) 

0.0 

,2.98(-l) 

1.67(-1) 

3.28(-2) 

1.57(-1) 

1.08 

9.92(-1) 

0.0, 

9.16(-1) 

4.22(-l) 

1.53(-1) 

3.92(-l) 

2.20(-l) 

1.26(-1) 

2.06(-l) 

1.16 , ■ 

1.25(0) 

5.30(-l) 

l.ll(-O) 

, 5.28(-l) 

3.60(-l) 

4.69(-l) 

2.75(-l) 

2.18(-1) 

2.46(-l) 

1.32 

1.44(0) 

1.06(-0) 

1.23(-0) 

6.02(-l) 

5.15(-1) 

5.14(-1) 

3.1K-1) 

2.83(-l) 

2.67(-l) 

1.64 

1.46(0) 

1.30(-0) 

1.20(-0) 

6.00(-l) 

5.62(-l) 

4.94(-l) 

3.07(-l) 

2.96(-l) 

2.54(-l) 

2.28 

1.25(0) 

1.20(-0) 

1 .04(-0) . 

5.05(-l) 

4.90(-l) 

4.89(-l) 

2.57(-l) 

2.52(-l) 

2.14(-1) 

3.56 

9.01(-1) 

8.77(-l) 

7.82(-l) 

3.59(-l) 

3.52(-l) 

3.11(-1) 

1.8K-1) 

1.79(-1) 

1.57(-1) 

6.12 

5.62(-l) 

5.51 (-1) 

5.12(-1) 

2.22(-l) 

- 2.18(-1) 

2.02(-l) 

i.l2(-l) 

l.lO(-l) 

1 .02(-T) 

11.24 

3.18(-1) 

3.13(-1) 

3.00(-l) 

1.25(-1) 

1 .23(-l) 

1.18(-1) 

6.27(-l) 

6.20(-2) 

5.93(-2) 

21.48 

1.70(-1) 

1.67(-1) 

1 .63(-l) 

6.65(-2) 

6.56(-2) 

6.40(-2) 

3.33(-2) 

3.30(-2) 

3.22(-2) 

41.96 

8.79(-2) 

8.65(-2) 

8.55(-2) 

3.44{-2) 

, 3.39(-2) 

3.35(-2) 

1 .72(-2) 

1.7K-2) 

1 .68(-2) 


o 



SODIUM. 


3s -7d 



EPSIL 

= 1.79 (■ 

-1) 

N 

BORN(l) 

BETHE 

OCHKUR 

■ 1.02 

7.3K-2) 

0.0 

6.89{-2) 

1.04 

9.97{-2) 

3.86(-2) 

9.35(-2) 

1 .08 

1.3K-1) 

8.92(-2) 

1.23(-1) 

1.16 

1.63(-1) 

1.38(-1), 

1.46(-1) 

1.32 

1.84(-1) 

1.72(-1) 

1.58(-1) 

1.64 

1.8K-1) 

1.75(-1) 

1 .49{-l) 

2.28 

1.50(-1) 

1.48(-1) 

1.25(-1) 

3.56 

1.06(-1) 

1.05(-1) 

9.16(-2) 

6.12 

6.48(-2) 

6.42(-2) 

5.91(-2) 

11.24 

3.64(-2) 

3.60(-2) 

3.44(-2) 

21.48 

1.94(-2) 

1.92{-2) 

1.87(-2) 

41.96 

9.97(-3) 

9. 88 (-3) 

,9.76(-3) 


108 



POTASSIUM 



4s-5p 




4s-6p 


4s-7p 




EPSIL = 1.13 (-1) 


EPSIL 

= 1.32 (-1) 

EPSIL = 1 .42 

(-1) 


N. . 

BORN(l) 

BETHE 

OCHKUR 

B0RN(1) 

BETHE 

OCHKOR 

BORN(l) 

BETHE 

OCHKUR 

1.02 

2.24(0) 

1.13(+1) 

2.19(0) 

5.92(-l) 

2.72(0) 

5.78(-l) 

2.51 (-1) 

1.09(0) 

. 2.44(-l) 

1.04 

3.06(0) 

1 .12(+1) 

2.98(0) 

8.05(-l) 

2.67(0) 

7.81 (-1) 

3.40(-l) 

1.07(0) 

3.30(-l) 

1.08 

4.03(0) 

1.09(+1) 

3.90(0) 

1.06(0) 

2.59(0) 

1.01(0) 

4.44(-l) 

1.04(0) 

4.26(-l) 

1.16 

5.01(0) 

1.03(+1) 

4.63(0) 

1.29(0) 

2.42(0) 

1 .18(0) 

5.42(-l) 

9.68(-l) 

4.92(-l) 

1.32 

5.69(0) 

9.20(0) 

5.00(0) 

1.44(0) 

2.14(0) 

1 .24(0) 

5.99(-l) 

8.55(-l) 

5.1K-1) 

1.64 

5.57(0) 

7.60(0) 

4.74(0) 

1.40(0) 

- 1 .74(0) 

1 .14(0) 

5.76(-l) 

6.92(-l) 

4.62(-l) 

2.28 

4.84(0) 

5.63(0) 

4.02(0) 

1.16(0) 

1.27(0) 

9.30(-l) 

4.70(-l) 

5.0K-1) 

3.72(-l) 

3.56 

3.32(0).' 

3.73(0) 

3.02(0) 

8.21(-1) 

8.24{-l) 

6.74(-U 

3.28(-l) 

3.24(-l) 

2.67(-l) 

6.12 

2.25(0) 

2.25(0) 

2.00(0) 

5.1K-1) 

4.86(-l) 

4.33(-l) 

2.02(-l) 

1.90(-1) 

1.70(-1) 

11.24 

-1.32(0) 

1.27(0) 

1.20(0) 

2.92(-l) 

2.70(-l) 

2.53(-l) 

1.14(-1) 

5.0K-1) 

9.82(-2) 

21.48 

7.34(-l) 

6.9Q(-1) 

6.7K-1) 

1.59(-1) 

1.43(-1) 

1 .39(-l) 

6.17(-2) 

3.24(-l) 

5.35(-2) 

41.96 

3.97(-l) 

-3.66(-l) 

3.62{-l) 

8.44(-2) 

7.43(-2) 

7.34(-2) 

3.24(-2) 

1.90(-T) 

2.8U-2) 


60 L' 



’ 




POTASSIUM . 






4s 

-5s 


. 4 s- 

6s 


4s- 

7s 



EPSIL 

= 9.58 (-2) 

EPSIL = 1 

.25 (-1) 


EPSIL = 1 

.38 (-1) 


N 

BORN (T) 

BETHE 

OCHKUR 

BORN (1) 

BETHE , 

OCHKUR 

BORN (1) 

BETHE 

OCHKUR , 

1.02 

1.66(0) 

0.0 

1.91(0) 

2.90(-l) 

5.38(-l) 

3.24(-l) 

l.Ol(-l) ■ 

2.58(-l) 

1.17(-1) 

1.04 

2.29(0) 

9.14(-1) 

2.60(0) 

4.00(-l) 

7.56(-l) 

4.39(-l) 

1.39(-1) 

3.25(-l) 

1.57(-1) 

4.08 

3.09(0) 

3.22(0) 

3.45(0) 

5.38(-l) 

9,95(-l) 

5.77(-l) 

1.87(-1) 

3.96(-l) 

2.06(-l) 

1.16 . 

3.96(0) 

5.48(0) 

4.19(0) 

6.93(-l) 

1.21(0) 

6.94(-l) 

2.4K-1) 

4.57(-l) 

2.47(-l) 

1.32 

4.77(0) 

7.08(0) 

4.79(0) 

8.24(-l) 

1.32(0) 

7.89(-l) 

2.88(-l) 

4.82(-l) 

2.81 (-1) 

1,64 

. 5.06(0) 

7.38(0) 

5.00(0) 

8.66(-l) 

1.26(0) 

8.20(-l) 

3.02(-l) 

4.48(-l) 

2.92(-l) 

2.28 

4.38(0) 

6.28(0) 

4.66(0) , 

7.53(-l) 

1.01(0) 

7.52(-l) 

2.67(-l) 

. 3.57(-l) 

2.66(-l) 

3.56 

3.42(0) 

4.46(0) 

3.69(0) 

5.60(-l) 

6.98(-l) 

5.82(-l) 

1.94(-1) 

2.44(-l) 

2.04(-l) 

6.12 

2.19(0) 

2.75(0) 

2.47(0) 

3.53(-l) 

4.24(-l) 

3.83(-l) 

1.22(-1) 

1.48(-1) 

1.34(-1) 

11.24 

1.26(0) 

1.55(0) 

1.47(0) 

2.01 (-1) 

2.36(-l) 

2.25(-l ) 

6.90(-2) 

8.2K-2) 

7.01(-2) 

21.48 

6.80(-l) 

8.22(0) 

8.04(-l) 

1.08(-1) 

1.25(-1) 

t.22(-l) 

3.59(-2) 

4. 34 (-2) 

4.25(-2) 

41.96 

3.53(-l) 

4.24(-l) 

4.22(-l) 

5.57(-2) 

6.45(-2) 

6.40(-2) 

1.91 (-2) 

2.24(-2) 

2.22(-2) 




oil 



POTASSIUM 


N 

}\02 
1.04 
1.08 
1.16 
1.32 
1.64 
2.28 
3.56 
6.12 
11.24 
21 .48 


4s 

-3d - 


4 s- 

:4d 


4 s- 

5d 


EPSIL 

= 9.81 (-2) 

EPSIL = 1 

.25 (-1) 


EPSIL = 1 

.38 (-1) 


BORN (1) 

BETHE 

OCHKUR 

BORN (1) 

BETHE 

OCHKUR 

BORN (1) 

BETHE 

OCHKUR 

7.64(0) 

1.77(+1) 

8.27(0) 

1 .36(0) 

0.0 

5.9T(-1) 

4.27(-l) 

0.0 

5.25(-2) 

1.04(1) 

9.86(+l) 

1.14(-1) 

1.84(0) 

0.0 

8.38(-l) 

5.75(-l) 

0.0 

8.48(-2) 

1.38(1) 

7.84(-l) 

1 .53(+l) 

2.39(0) 

1.99(-1) 

1.15(0) 

7.39(-l) 

0.0 

1.40(-1) 

1.74(1) 

8.50(0) 

1.87(+1) . 

2.88(0) 

5.12(-1) 

1.46(0) 

8.76(-l) 

0.0 

2.18(-1) 

1.98(1) 

1.59(+1) 

2.10(+1) 

3.11(0) 

7.49(-l) 

1.64(0) 

9.17(-1) 

0.0 

3.10(-1) 

1.97(1) 

1.91(+1) 

1 .99(+l) 

2.87(0) 

8-.25(-l) 

1.37(0) 

8.12(-1) 

0.0 

3.22(-l) 

1.67(1) 

1.73(+1) 

1.60(+1) 

2.23(0) 

7.22(-l) 

8.45(-l) 

6.07(-T) 

1.52(-1) 

2.47(-l) 

1.20(1) 

1.27(+1) 

1.14(+1) 

1.49(0) 

5.20(-l) 

4.65(-l) 

3.93(-l) 

1 .68(-l) 

1.70(-1) 

7.46(0) 

7.98(0) 

7.31(0) 

8.86(-l) 

3.23{-l) 

2.75(-l) 

2.30(-l) 

1.23(-1) 

1.15(-1) 

4.23(0) 

4.52(0) 

4.29(0) 

4.88(-l) 

1.82(-1) 

1 .63(-l) 

1.25(-1) 

7.47(-2) 

7.06{-2) 

2.26(0) 

2.42(0) 

2.35(0) : 

2.57(-l) 

9.70{-2) 

2.08(-2) ‘ 

6.65{-l) 

4.12(-2) 

3.98(-2) 

1.17(0) 

1.25(0) 

1 .23(0) 

1.32(-1) 

5,01 (-2) 

4.83(-2) 

3.35(-2) 

2.17(-2) 

2.13(-2) 


41 .96 



-N 

1.02 

1.04 

1.08 

1 . 16 - 

1.32 

1.64 

2.28 

3.56 

6.12 

n .'24 

21.48 


4 s -6d 


EPSIL = 1.44 (-1) 


BORN 0 ) 

BETHE 

OCHKUR 

2.08(-l) 

0.0 

8.0U-3). 

2.80(-l) 

0.0 

I ,72(-2) 

3.59(-l) 

0.0 

3.76(-2) 

4.23(-l) 

, 0.0 

7.39(-2) 

4.39{-l) 

0.0 

1.28(-1) 

3.86(-l) 

1.18(-2) 

1 .56(-l) 

2.87{-l) 

l.Ol(-l) 

1.40(-1) 

1 ,86(-l) 

T.06(-l) 

1.06(-1) 

1 ,08(-l) 

7.65{-2) 

7.28(-2) 

5.89(-2) 

4.62(-2) 

4.45(-2) 

3. 08 (-2) 

2.55(-2) 

2. 49(^2) 

1 ,58(-2) 

1.34(-2) 

1.32(-2) 


POTASSIUM 


41.96 



RUBIDIUM 

5s-6p 5s-7p 5s-8p 



EPSIL-= 

1.08 (-1) 


EPSIL = 1. 

.27 (-1) 


EPSIL = 

1.36 (-1) ■ 


N 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

T.02 

2.47(0) 

1 .32(+l) 

2.36(0) 

6.48(-l) 

3.29(0) 

6.29(-l) 

2.79(-l) 

1.35(0) 

2.68(-l) 

1.04 

3.37(0) 

1.31(+1) 

3.20(0) 

8.84(-l) 

3.25(0). 

8.48(-l) 

3.80(-l) 

1.33(0) ' 

3.60(-l) 

1.08 

4.47(0) 

1 .28(+l) 

4.20(0) . 

1.17(0) 

3.15(0) 

1.10(0) 

5.0K-1) - 

1.28(0) . 

4.65(-l) 

1.16 ■ 

5.62(0) 

1.2K+1) 

5.01(0) 

1.46(0) 

2.96(0) 

,1.29(0) 

6.23(-l) 

1.20(0) 

5.42(-l) 

1.32 . 

6.47(0) 

1.10(+1) 

5.51(0) 

1.67(0) 

2.64(0) 

1 .39(0) 

7.08(-l) 

1.07(0) 

5.76(-l) 

1.64 

6.68(0) 

9.15(0) 

5.43(0) 

1 .68(0) . 

2.16(0) 

1 .33(0) 

7.06(-l) 

8.70(-l) 

5.46(-l) 

2.28 

.5.73(0) 

6.86(0) 

4.81(0) 

1.44(0) 

1.59(0) 

1 .14(0) ■ 

6.00(-l) 

6.35(-l) 

4.6K-1) 

3.56 

4.26(0) 

4.60(0) . 

3.72(0) 

1.05(0) 

1.04(0) 

8.50(-l) 

4.33(-l) 

4.13(-1) 

3.39(-l) 

6.12 

2.77(0) 

.2.81(0) 

2.51(0) 

6.76(-l) 

6.21 (-1) 

5.55(-l) 

2.75(-l) 

2.45(-l) 

2.19(-1) 

11.24 

1.65(0) 

1.60(0) 

1.52(0) 

3.98(-l) 

3.47(-l) 

3.28(-l) 

1 .50(-l) 

1 .36(-l) 

1.28(-1) 

21.48 

9.29(-l) 

8.83(-l) 

8.60(-l) 

2.22(-l) 

1.87(-1) 

1 .82(-l) 

8.86(-2) 

7.25(-2) 

7.06(-2) 

41.96 

5.08(-l) 

4.74(-l) 

4.69(-l) 

1.20(-1) 

9.8K-2) 

9.70(-2) 

4,47(-2) 

3.78(-2) 

3.74(-2) 


eu 



RUBIDIUM 



5s- 

-6 s ■ - 



5s-7s ■ 



5s-8s 



EPSIL 

= 9-17 (-2) 


EPSIL^ 

-'i :2o (-1) 


ESPIL 

1.32 (-1) 


■ N 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

B0,RN(1) 

BETHE 

OCHKUR 

1.02 

1.80(-1) 

0.0 

2.00(0) 

2.78(-l) 

4.80(-l) 

3.35(-l) . 

1 .06(-l) 

2.54(-l) 

1.20(-1) 

1.04 

2.51(0) 

0.0 

2.72(0) 

3.85(-l) 

1.48(-1) 

4.54(-l) 

1.47(-1) 

3.36(-l) 

1.62(-1) 

1.08 

3.38(0) 

2.78(0) 

3.62(0) 

5.22(-l) 

1.04(0) 

6.0K-1) 

1.99(-1) 

4.25{-l) 

2.14(-1) 

1.16 

4.38(0) 

5.62(0) 

4.43(0) 

6.81 (-1) 

1.31(0) 

7.3K-1) 

2.58(-l) 

5.03(-l) 

2.60(-l) 

1.32 

5.27(0) 

7.71(0) 

5.15(0) 

8.25(-l) 

1.47(0) 

8.50(-l) 

3.12(-1) 

5.40(-l) 

3.03(-l) 

1.64 

5.64(0) 

8.27(0) 

5.52(0) 

8.8K-1) 

1.42(0) 

9.n(-i) 

3.31(-1) 

5.07(-l) 

3.25(-l), 

2.28 

5.10(0) 

7.14(0) 

5.27(0) 

7.88(-1) 

1 .15(0) 

8.52(-1) 

2.92(-l) 

- 4.07(-l) 

3.02(-l) 

3.56 

3.84(0) 

5.10(0) 

4.22(0) 

5.83(-l) 

7.99(-T) 

6.65(-l) 

2.14(-1) 

2.79(-l), 

2.34(-l) 

6.12 

2.47(0) 

3.16(0) 

2.84(0) 

3.69(-l) 

4.86(-l) 

4.40(-l) 

1.35(-1) 

1.69(-1) 

1..54(-1) 

11.24 

1.42(0) 

1.78(0) 

1 .69(0) 

2.10(-1) 

2.71(-1) 

2.58(-l) 

7.67(-2) 

9.42(-2] 

8.98(-2) 

21.48 

7.66(-l) 

,9.47(-l) 

9.26(-l), 

1.13(-1) 

1.44(-1) 

1.4K-1) 

4..-10(-2) 

4.99(-2) 

4.88(-2) 

41 .96 

3.98(-l) 

4.89(-l) 

4.86(-l) 

5.85(-2) 

7.42(-2) 

7.36(-2) 

2.12(-2) 

2.57{-2) 

2.55(-2) 



RUBIDIUM 



■ . 5s- 

4d 


‘ ; 5s- 

5d 



5s-6d 



EPSIL = 

8.82 (-2) 


EPSIL = 1 

.17 (-1) 


EPSIL 

1.31 (-1) 


■ N 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

1.02 

1 .04(+l) 

0.0 

1.15(+1) 

1.24(0) 

0.0 

8.25(-l) 

3.38{-l) 

0.0 

1.32(-1) 

1.04 

1.43(+1) 

0.0 

1.59(+1) 

1.67(0) 

1.43(-1) 

1.16(0) 

4.65(-l) 

0.0 

1.96(-1) 

1 .08 

1.88{+1) 

1.61(0) 

2.13(+1) 

2.15(0) 

4.94(-1) 

1.58(0) 

. 5.83(-l) 

0.0 

2.85(-l) 

1.16 

2.35(+l) 

1 ,35(+l) 

2.61(+1) 

2.58(0) 

8.38(-1) 

1.96(0) 

6.89(-l) 

0.0 , 

3.86(-l) 

1.32 

2.66(+l) 

2.28(+l) 

2.92(+l) 

2.71(0) 

1.08(0) 

2.13(0) 

7.1K-1) 

0.0 

4.63(-l) 

1.64 

2.62(+l)) 

2.65(+l) 

2.74(+l) 

2.42(0) 

1.13(0) 

1 .73(0) 

6.18(-1) 

5.08(-2) 

4.08(-l) 

2.28 

2.18(+1) 

2.38(+l) 

2.18(+1) 

1.81(0) 

9.59(-l) 

1.05(0) 

4.62(-l) 

1.84(-1) 

2.74(-l) 

3.56 

1.54(+1) 

1.73(+1) 

1.54(+1) 

1.17(0) 

6.80(-l) 

5.94(-l) - 

2.91(-1) 

1.84(-1) 

1.77(-1) 

6.12 

9.52(0) 

1.08(+1) 

9.90(0) 

6,84(-l) 

4.19(-1) 

3.58(-1) 

1.79(-1) 

1 .30(-1) 

r.l8(-l) 

11.24 

5.36(0) 

6.12(0) 

5.80(0) 

3.72(-l) 

2.36(-l) 

2.1K-1) 

9.29(-2) 

7.82(-2) 

7.26(-2) 

21.48 

2.86(0) 

3.27(0) 

3.17(0) . 

1.95(-1) - 

1.25(-1) 

1.18(-1) 

4.88(-2) 

4.30(-2) 

4.1K-2) 

41.96 

1,48(0) . 

1.69(0) 

1.66(0) 

9.98(-2) 

6.47(-2) 

6.25(-2) 

2.50(-2) 

2.25(-2) 

2.20(-2) 


9LI/ 



RUBIDIUM 

5s-7d 


EPSIL = 1 .38 (-1) 


N 

BORN(l) 

BETHE 

OCHKUR 

1.02 

1,23(-1) 

0.0 

3. 74 (-2) 

1.04 

1.66{-1) 

0.0 

5.87(-2) 

1.08 

2.12{-1) 

0.0 

9.28(-2) 

1.T6 

2.6K-1) 

0.0 

1.38(-1) 

1.32 

,2.60{-l) 

0.0 

1.82(-1) 

1,64 

2.27(-l) 

7.54(-3) 

1.77(-1) 

2.28 

1 .38(-l) 

9.U(-2) 

1.33(-1) 

3.56 

l.lO(-l) 

9.68(-2) 

9.50{-2) 

6.12 

6.68(-2) 

7.01 (-2) 

6.5K-2) 

11.24 

3.66{-2) 

4.24(-2) 

4.01 (-2) 

21.48 

1.93{-2) 

2.‘34(-2) 

2.26(-2) 

41 .96 

9.97(-3) 

1.23(-2) 

1 .21{-2) 
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CESIUM 


6s-7p 6s-8p 6s~9p 



EPSIL 

= 9.96 (-2) 


EPSIL 

N 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

1.02 

2.88(0) 

1.69(+1) 

2.75(0) 

7.64(-l) 

1.04 . 

3.95(0) 

1.68(+1) 

3.72(0)- 

1.04(0) 

1.08 

5.25(0) 

1.63(+1) 

4.88(0) 

1.38(0) 

1.16 

6.66(0) 

1.54(+1) 

5.83(0) 

1.74(0) 

1.32 

7.78(0) 

1.39(+1) 

6.50(0) 

2.00(0) 

1,64 

8.04(0) 

1 .T5(+l) 

6.56(0) 

2,03(0) 

2.28 

7.12(0) 

8.52(0) 

5.90(0) 

1 ,75(0) 

3.56 

5.36(0) 

5.66(0) 

4.56(0) 

1 .28(0) 

6.12 

3.53(0) 

■ 3.42(0) 

3.05(0) 

8.24(-l) 

11.24 

2.12(0) 

1.94(0) 

1.83(0) 

4.84(-l) 

21.48 

1.21(0) 

1.05(0) 

1.03(0) 

2.70(-l) 

41.96 

6.66(-l) 

5.60(-l) 

5.55(-l) 

1.46(-1) 


.17 (-1) 


- EPSIL = 

1.26 (-1) 


BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

4.11(0) 

7..23(-l) 

3.26(-l) 

1.67(0) 

3.06(-l) 

4.05(0) 

9.73(-l) 

4.44(-l) 

1.64(0) 

4.1K-1) 

3.92(0) 

1.26(0) 

5.84(-l) . 

1.58(0) 

5.31(-1) 

3.67(0) 

1.49(0) 

7.25(-1) 

1 .48(0) 

6.21(-1) 

3.26(0) 

1 .62(0) 

8.20(-l) 

1.31(0) 

6.72(-l) 

2.66(0) 

1.60(0) 

8.13(-1) 

1.06(0) 

6.54(-l) 

1.94(0) 

1.38(0) . 

6.84{-l) 

7..70(-l) 

5.60(-l) 

1.26(0) 

1 .03(0) 

4.88(-l) 

4.99(-l) 

4.1K-1) 

7.47(-l) 

6.70(-l) 

3.06(-l) 

2.94(-l) 

2.64(-l) 

4.15(-1) 

3.92(-l) 

1.76(-1) 

i;62(-l) 

1.53(-1) 

2.21(-1) 

2.16(-1) 

9.65(-2) 

8.58(-2) 

8.36(-2) 

1.15(-1) 

. 1.42(-1) 

5.14(-2) 

4.45(-2) 

4.40(-2) 



CESIUM 



6s- 

-7s 



6Sr8s 

- 


6s-9s 



EPSIL 

= 8.44 (-2) 

EPSIt 

= 1.11 (-1) 


EPSIL 

= 1 .23 (-1) . 


N 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

1.02 

1,83(0) 

0.0 

2.17(0) 

2.93(-l) 

3.19(-1) 

3.54(-l) 

1 .02(-l) 

2.36(-l) 

1.25(-1) 

1.04 

. 2.54(0) 

o.b 

2.96(0) 

4.08{-l) 

6.99(-l) 

4.81.(-1) 

1.43(,-T) 

. 3.52(-l) 

1.70(-1) 

1.08 

3.46(0) 

1.56(0) 

3.96(0) 

5.60{-l) 

1.13(0) 

6.44(-l) 

1 .98(-l) 

4.79(-l) 

2.28(-l) 

1.16 

4.54(0) 

5.75(0) 

4.92(0)' 

7.43(-l) 

1;53(0) 

8.04(-l) 

2.64(-l) 

5.95(-l) 

2.86(-l) 

1.32 

5.57(0) 

8.97(0) 

5.93(0) 

9.2K-1) 

1.78(0) 

9.81(-1) 

3.29(-l) 

6.59(-l) 

3.51.(-1) 

1.64 

6.09(0) 

1.01 (-H) 

6.67(0)_ 

1.01(0) 

1.76(0) 

1 .10(0) 

3.59(-l) 

6.32(-l) 

3.95(-l) 

2.28 

5.61(0) 

8.97(0) 

6.58(0) 

9.13(-1) 

1.45(0) 

1.07(0) 

3.24(-l) 

5.13(-1) 

3.77(-l) 

3.56 

4.27(0) 

6.50(0) 

5.36(0) 

6.81(-1) 

1.02(0) 

8.44(-l) 

2.40(-l) 

3.55(-l) 

2.96(-1) 

6.12 

2.76(0) 

4.05(0) 

3.65(0) 

4.34(-l) 

6.20(-l) 

5.62(-l) 

1.52(-1) 

2.16(-1) 

1.96(-1) 

11.24 

1.60(0) 

2.29(0) 

2.17(0) 

2.48(-.l) 

3.47(-l) 

3.31(-1) 

8.69(-2) 

1.20(-1) 

1.15(-1) 

21.48 

8.62(-l) 

1.22(0) 

1.20(0) 

1.33(-1) 

1.84(-1) 

1.80(-1) 

4.69(-2) 

6.37(-2) 

6.25(-2) 

41.9.6 

4.49(-l) 

6.3K-1) 

6.28(-l) 

6.92(-2) 

9.50(-2) 

9.44(-2) 

2.41 (-2) 

3.'28(-2) 

3.26(-2) 
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N 

1.02 
1.04 
1.08 
1.16 
1.32 
1 .64 
2.28 
3.56 
6.12 
11.24 
21.48 


CESIUM 


6S; 

-5d; 


6s 

-6d . 



6s-7d 


EPSIL ^ 

= 6.63 (-2) 


EPSIL = 

1.03 (-1). 


EPSIL 

= 1.19 (-1) 


BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

BORN(l) 

BETHE 

OCHKUR 

1.62(1) 

1.24(+1) 

1.52(+1) 

3.44(-l) 

0.0 

1.67(-1) 

2.76(-2) 

0.0 

1.17(-1) 

2.21(1) 

1.93(+1) 

2.13(+1) 

4.78(-l) 

0.0 

2.80(-l) 

4.83(-2) 

0.0 

1.76(-1) 

2.92(1) 

2.7K+1) 

2.90(+l) 

6.53(-l) 

0..-0 

5.39{-l) 

8.98(-2) 

0.0 

2.88(-l) 

3.64(1) 

3.42(+l) 

3.66(+l) 

8.53(-l) 

0.0 

1.02(0) . 

1 .64(-l) 

0.0 

4.67(-l) 

4.09(1) 

3.82(+l) 

4.23(+l) 

,1.01(0) 

0.0 

1 .91(0) 

2.67(-l) 

0.0 

7.7K-1) 

3.97(1) 

3.68(+l) 

3.96(+l) 

1.04(0) 

0.0 

2.88(0) 

3.54(-l) 

5.95(-l) 

1.07(0) 

3.22(1) 

3.00(+l) 

2.92(+l) 

9.12(-1) 

2.15(0) 

3.29(0) 

3.70(-l) 

1 .10(0) 

1.14(0) 

2.22(1) 

2.08(+l) 

1 .85(+l) 

6.89(-l) 

2.80(0) 

2.93(0) 

3.08(-l) 

1 .00(0) 

9.62(-l) 

1.35(1) 

1.27(+1) 

1.13(+1) 

4.55(-l) 

2.14(0) 

2.11(0) 

2.1K-1) 

6.90(-l) 

6.65(-l) 

7.52(0) 

7.06(0) 

6.54(0) 

2.68(-l) 

1.32(0) 

1.30(0) 

1.26(-1) 

4.08(-l) 

3.99(-l) 

3.98(0) 

3.74(0) 

3.58(0) 

1.47(-1) 

7.35(-l) 

7.27(-l) 

6.93(-2) 

2.23(-l) 

2.20(-l) 

2.05(0) 

1.93(0) 

1.88(0) 

7.70(-2) 

3-.88(-T) 

- 3.85(-l) 

3.64(-2) 

1..17(-1) 

1.16(-1) 


41.96 



. . CESIUM 

6s-8d 


EPSIL = 1.27 (-1) 


N 

BORN(l) 

BETHE 

OCHKUR 

1.02 

; 2.18(-2) 

0.0 

6.56(-2) 

1,04 

3.38(-2) 

0.0 

9.61 (-2) 

1 .08 

5.46{-2) 

0.0 

1.52(-1) 

1 .16 

8.74(-2) 

0.0 

2.37{-l) 

1.32 

1.28(-1) 

0.0 

3.74(-l) 

1.64 . 

1.58(-1) 

4.04(-l) 

5.00(-l) 

2.28 

1.57(-1) 

5.39{-l) 

5.20(-l) 

3.56 

. 1.28(-1) 

4.56(-l) 

4.29(-l) 

6.12 

,8.69(-2) 

3.05(-l) 

2. 92(^1) 

11.24 

5.17(-2) 

1.78(-1) 

1.74(-1) 

21.48 

2.83{-2) 

9.67(-2) 

9.54(-2) 

41.96 

1.48(-2) 

5.04(-2) . 

5.00(-2) 
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b) Inert Gas Excitation Tables 

An Inert-gas study such as the Vainshtein work for the Alkali 
family has not been done until the present work. 

Furthermore with the exception of Heliurnj the literature does 
not reveal much data either experimental or theoretical. However, 
since the usefulness of such a study is clear, a systematic cal- 
culation of cross-section data for the Inert elements is presented 
here, and comparison with data from the literature is presented 
where such data has been found. 



He: Is - 2p 

Is- 2s 
Is - 3s 
Ne: 2p - 3p 

2p - 3p 
2p - 4s 
Ar: 3p - 4s 

3p - 4p 
3p - 3d 
Kr: 4p - 5s 
4p - 5p 
4p - 4d 
He: 5p - 6s 

5p “ 6p 
5p - 4d 
RN: 6p - 7s 

6p - 7p 
6p - 6d 


INERT ELEMENT C-SECTION TABLES 


Born, 

Ochkur , 

Bethe, 

Mod. Bethe 

Born, 

Ochkur 



Born, 

Ochkur 



Born, 

Ochkur, 

Bethe, 

Mod- Bethe 

Born, 

Ochkur 



Born, 

Ochkur 



Born, 

Ochkur , 

Bethe, 

Mod. Bethe 

Born , 

Ochkur 



Born, 

Ochkur 



Born, 

Ochkur, 

Bethe, 

Mod. Bethe 

Born, 

Ochkur 


' 

Born, 

Ochkur 



Born, 

Ochkur, 

Bethe, 

Mod. Bethe 

Born , 

Ochkur 



Born , 

Ochkur 



Born, 

Ochkur, 

Bethe, 

Mod. Bethe 

Born, 

Ochkur 



Born, 

Ochkur 





HELIUM 




■ Is 

- 2p 




Is - 2s 


Is 

- 3s 



EPSIL 

= 7.74(- 

1) 


EPSIL = 7.38(- 

■1) 

EPSIL 

= 8.371-1) 

■ N 

BORN 

OCHKUR 

BETHE 

MODBETHE 

LIT(l) 

BORN 

OCHKUR 

LIT12) 

BORN 

OCHKUR LI 

1.05 

3.22(-2) 

2.98(-2) 

0.0 

0.0 ■ 

0.0 

2. 48 (-2) 

2.48(-2) 

2.601-2) 4.631-3) 

4.651-3) 

’1 .10 

4.52(-2) 

‘ 4.06(-2) 

0.0 

0.0 

0.0 

3:24(-2) 

3.24(-2) 

3.40(-2) 

6.031-3) 

6.041-3) 

1.20 

6.26(-2) 

5.37(-2) 

0.0 

0.0 ■ 

0.0 

3.96(-2) 

4.04{-2) 

3.201-2) 7.331-3) 

7.491-3) 

1.80 

1.02(-1) 

8.63{-2) 

4.14(-2) 

,2.12(-1) 

1.05(-1) 

4.10{-2) 

,3.97{-2) 

0.0 

7.431-3) 

7.161-3) 

2.50 

1.08(-1) 

9.60(-2), 

8.16{-2) 

2.00(-l) 

1. 33(^1) 

3.35(-2) 

3.08(-2) ■ 

0.0 

6.001-3) 

5.481-3) 

5.00 

9.20{-2) 

8.78(-2) 

8.78(-2) 

1.43(-1) 

1.28(-1) 

1.88(-2) 

1.70(-2) 

0.0 

3.331-3) 

3.001-3) 

10.00 

6.54{-2) 

6.41(-2) 

6.53(-2) 

9.10(-2) ■ 

9.70(-2) 

9.87(-3) 

9.23{-3) 

0.0 

1.741-3) 

1.621-3) 

15.00 

5.12(-2) 

5.06(-2) 

5.16(-2) 

6.83(-2) 

7.70(-2) 

6.68(-3) 

6.36(-3) 

0.0 

1.171-3) 

1.121-3) 

20.00 

4.25(-2) 

4.22(-2) 

4.29(-2) 

5.52(-2) 

6.43(-2) 

5.04(-3) 

4.86(-3) 

0.0 

8.861-4) 

8.531-4) 

30.00 

3.22(-2) 

3.20{-2) 

3.25(-2) 

4.06(-2) 

. .0.0 

3.39(-3) 

3.301-3) 

0.0 

5.951-4) 

5.791-4) 

50.00 

2.22(-2) 

2.12(-2) 

2.25(-2) 

2.72(-2) 

0.0 

2.04(-3) 

2.011-3) 

0.0 

3.581-4) 

3.531-4) 

30.00 

1.56(-2) 

1.55(-2) 

1.57(-2) 

1.87(-2) 

0.0 

1.28(-3) 

1.271-3) 

0.0 

2.251-4) 

2.221-4) 

(1) 

Linear Interpolation From " 

'Ochkur, ' 

LI. and V.F, 

. Bratsev, 

(1965) Opt, 

. Spec try - 

USSR }9, 

274"; Ochkur Approximation 


(2) Linear Interpolation From "Marriot, R. In Atomic Collision Processes , M.R.C. McDowell, Ed., Pub. by North-Hol land 
Publ . Co., Arriersterdam" ; Close-coupling Calculation 


NEON 


2p - 3S 

EPSIL = 6.12(-1) 


N BORN 

1.05 3.07(-3) 

1.10 4.74(-3) 

1.20 7.46(-3) 

1.80 1.58(-2) 

2.50 1.83(-2) 

5.00 1.68(-2) 

10.00 1.23(-2) 

15.00 9.77(-3) 

20.00 8.16(-3) 

30.00 6.23(-3) 

50.00 4.33(-3) 
3.05(-3) 


OCHKUR 

BETHE 

2.60(-3) 

0.0 

3.87{-3) 

0.0 

5.78(-3) 

0.0 

1.39(-2) 

2.09(- 

1.70(-2) 

1.22(- 

1.63(-2) 

1.57{ 

1.21 (-2) 

1.23( 

9.67{-3) 

9.83( 

8.10(-3) 

8.24( 

6.20{-3) 

6.31( 

4.32(-3) 

4.39( 

3.05(-3) 

3.09( 


MODBETHE , LIT 
0.0 
0.0 
0.0 

-3) 2.27(-l) 

-2) 1.73(-1) 

-2) 9.54(-2) 

-2) 5.18(-2) 

-3) 3.6U-2) 

-3) 2.79(-2) 

-3) 1.94(-2) 

-3) 1.22C-2) 

-3) 7.97C-3) 


80.00 


2p - 3p 


3p - 4s 


EPSIL = 6.83(-l) EPSIL = 7.24{-l) 


BORN 

OCHKUR 

LIT 

BORN 

OCHKUR 

1.06(-3) 

9.60(-4) 


4.16{-4) 

3.45(-4) 

1.45(-3) 

1.27(-3) 


6.6K-4) 

5.3K-4) 

1.9U-3) 

1.57(-3) 


1.07(-3) 

8.31 (-4) 

2.54(-3) 

2.18(-3) 


2.34(-3) 

2.10(-3) 

2.33{-3) 

2.19(-3) 


2.68(-3) 

2. 52 (-3) 

1.48(-3) 

1.48(-3) 


2.41 (-3) 

2.34(-3) 

8.14(-4) 

8.0K-4) 


1.74(-3) 

1.71 (-3) 

5.59(-4) 

5.48(-4) 


1.37(-3) 

1.36{-3) 

4.25(-4) 

4.17(-4) 


1.14(-3) 

1.13(-3) 

2.87(-4) 

2.83(-4) 


8.67(-4) 

8.63{-4) 

1.74{-4) 

1.73(-4) 


5.99(-4) 

5.98(-4) 

1 .10{-4) 

1 ,09(-4) 


4.2K-4) 

4.21 (-4) 
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ARGON 




3p 

- 4s 



3p - 4p 

3p 

- 3d 



EPSIL = 

= 4.26(-l) 


EPSIL = 4.82C-1) 

EPSIL 

= 5.16(-1) 

N 

BORN 

OCHKUR 

BETHE 

MODBETHE LIT 

BORN 

OCHKUR LIT 

BORN 

OCHKUR 

1.05 

6.20(-3) 

4.96(-3) 

0.0 

0.0 

1.81 (-3) 

1.50(-3) 

2.66(-3) 

2.68(-3) 

1.10 

1.07(-2) 

8.46(-3) 

0.0 

0.0 

2'.79{-3) 

2.24C-3) 

3.42(-3) 

3.47(-3) 

1.20 

1.9K-2) 

1.49(-2) 

0.0 

0.0 

4.30C-3) 

3.41(-3) 

4.10(-3) 

4.29(-3) 

T.80 

4.85(-2) 

4.37{-2) 

0.0 

3.08(-lj 

7.60(-3) 

7.60(-3) 

3.91(-3) 

3.96(-3) 

2.50 

5.89(-2) 

5.49(-2) 

3.16(-2) 

2.58(-l) 

7.43(-3) 

7.7K-3) 

3.04(-3) 

2.89(-3) 

5.00 

5.69(-2) 

5.50(-2j 

5.22(-2) 

1.62(-1) 

4.90{-3) 

4.79(-3) 

1.59(-3) 

1.42(-3) 

10.00 

4.30(-2) 

4.24(-2) 

4.26(-2) 

9.62(-2) 

2.73(-3) 

2.64(-3) 

8.0U-4) 

7.34(-4) 

15.00 

3.45(-2) 

3.42(-2) 

3.47C-2) 

7.00(-2) 

1.89(-3) 

1.83 (-3) 

. 5.35(-4) 

5.0K-4) 

20.00 

2.90(-2) 

2.88(-2) 

2.93(-2) 

5.56C-2) 

1.44(-3) 

1.41 (-3) 

4.0K-4) 

3.8U-4) 

30.00 

2.23(-2) 

2.22{-2) 

2.26(-2) 

4.00{-2) 

9.75{-4) 

9.59(-4) 

2.67(-4) 

2.58(-4) 

50.00 

1.56(-2) 

1.55(-2) 

1.58(-2) 

2.62(-2) 

5.93(-4) 

5.87(-4) 

1.61 (-4) 

1.58(-4) - 

80.00 

1.10(-2) 

1.10(-2) 

1.12(-2) 

1.77(-2) 

3.74(-4) 

3.7K-4) 

1.01 (-4) 

9.99(-5) 


ro 



KRYPTON 




4p 

- 5s 



4p - 5p 

4p 

- 4d 



EPSIL = 

3.66{-l) 


EPSIL = 4.22(-l) 

EPSIL 

= 4.48(-l) 

N 

BORN 

OCHKUR 

BETHE 

MODBETKE . LIT 

BORN 

OCHKUR LIT 

BORN 

OCHKUR 

1.05 

1.14(-2) 

9.19(-3) 

0.0 

0.0 

2.04(-3) 

1 ,64(-3) 

6.35(-3) 

6.44(-3) 

1.10 

1.95(-2) 

1.54(-2) 

0.0 

0.0 

3.39(-3) 

2.70(-3) 

8.19(-3) 

8.33(-3) 

1 .20 

3.43(-2) 

2.66(-2) 

0.0 

0.0 

5.65(-3) 

4.67(-3) 

9.77{-3) 

1.03(-2) 

1.80 

8.58(-2) 

7.63(-2) 

0.0 

3.49(-l) 

1.10(-2) 

1.16{-2) 

9.21 (-3) 

9.24(-3) 

2.50 

1.04(-1) 

9.57(-2) 

5.66(-2) 

3.15(-1) 

I.09(-2) 

1.14(-2) 

7.10(-3) 

6.6U-3) 

5.00 

l.OO(-l) 

9.65(-2) 

9. 19(^2) 

2.15(-1) 

7,22(-3) 

6.96(-3) 

3.69(-3) 

3.25(-3) 

10.00 

7.55(-2) 

7.43(-2) 

7.,49(-2) 

1.34(-1) 

4.05(-3) 

3.90(-3) 

1.86(-3) 

1.70(-3) 

15.00 

6.05(-2) 

5.99{-2) 

6.08(-2) 

9.98(-2) 

2.80(-3) 

2.72(-3) 

1.25(-3) 

1.17(-3) 

20.00 

5.08(-2) 

5.05(-2) 

5.13(-2) 

8.02C-2) 

2.14(-3) 

2.09(-3) 

9.48(-4) 

9.02(-4) 

30.00 

3.90(-2) 

3.89(-2) 

3.95(-2) 

5.86(-2) 

1.45(-3) 

1.43(-3) 

6.72C-4) 

6.51(-4) 

50.00 

2.73(-2) 

2.72(-2) 

2.77{-2) 

3.90(-2) 

■ 8.83(-4) 

8.74(-4) 

3.77(-4) 

3.69(-4) 

80,00 

1 ,93(-2) 

1.93(-2) 

1.96(-2) 

2.66(-2) 

5.57(-4) 

5.53(-4) 

1.47(-3) 

1 .46(-3) 



XENON 




5p 

- 6s 



5p “ 6p 

5p 

- 5d 



EPSIL = 

3.06(-l) 


EPSIL = 3.58(-l) 

EPSIL = 3.70C-1) 

N 

BORN 

OCHKUR 

BETHE 

MODBETHE LIT 

BORN 

OCHKUR LIT 

BORN 

OCHKUR 

1 .05 

1.26(-2) 

9.86(-3) 

0.0 

0.0 

2.30(-3) 

1.82(-3) 

2.36(-2) 

2.42(-2) 

1.10 

2.34(-2) 

1.84(-2) 

0.0 

0.0 

4.3K-2) 

3.52(-3) 

3.03(-2) 

3.14(-2) 

^,20 

4.42(-2) 

3.50(-2) 

0.0 

0.0 

7.94(-3) 

7.13(-3) 

3.6K-2) 

3.93(-2) 

1.80 

1.2K-1) 

1.09{-1) 

0.0 

3.85{-l) 

1.68(-2) 

1.85(-2) 

3.35{-2) 

3.50(-2) 

2.50 

1.50(-1) 

1.38(-1) 

7.19(-2) 

3.76(-l) 

1.68(-2) 

1.74(-2) 

2.56(-2) 

2.42{-2) 

5.00 

1.48(-1) 

1.43(-1) 

1.34(-1) 

2.77(-l) 

1.13(-2) 

1.07(-2) 

1.32(-2) 

1.15{-2) 

10.00 

1.13(-1) 

i.m-1) 

1.12(-1) 

1.80(-1) 

6.35(-3) 

6.11(=3) 

6.74(-3) 

6.12(-3) 

15.00. 

9.09{-2) 

9.01 (-2) 

9.13(-2) 

1.36(-1) 

4.40(-3) 

4.27(-3) 

4.63(-3) 

4.33(-3) 

20.00 

7.66(-2) 

7.6U-2) 

7.73(-2), 

l.lO(-l) 

3.36(-3) 

3.29(-3) 

3.80(-3) 

3.62(-3) 

30.00 

5.90(-2) 

5.88(-2) 

5,98(-2) 

8.13(-2) 

2.28(-3) 

2.25(-3) 

3.22(-3) 

3.14(-3) 

50.00 

4.14(-2) 

4.13{-2) 

4.20(-2) 

5.48(-2) 

1.39{-3) 

1.38(-3) 

1.18(-3) 

1 .15(-3) 

80.00 

2.94(-2) 

2.93(-2) 

2.98C-2) 

3.77(-2) 

8.77{-4) 

8.72(-4) 

3.92(-3) 

3.91 (-3) 


PO 



RADON 


6p - 7s 

EPSIL = 2.5K-1) 


N 

BORN 

OCHKUR 

BETHE 

MODBETHE 

1.05 

2.56(-2) 

2.04(-2) 

0.0 

0.0 

1.10 

4.42(-2) 

3.48(-2) 

0.0 

0.0 

1.20 

7.83(-2) 

6.1K-2) 

0.0 

0.0 

1.80 

1.96(-1) 

1.75(-1) 

0.0 

4.98(-l) 

2.50 

2.35(-1) 

2.17{-1) 

1.34(-1) 

5.00(-l) 

5.00 

2.25(-l) 

2.17(-1) 

2.08{-l) 

3.78(-l) 

10.00 

1.69(-1) 

1.67(-1) 

1.68(-1) 

2.48(-l) 

15.00 

1.35(-1) 

1.34(-1) 

1 .36(-l) 

1.88(-1) 

20.00 

1.14{-1) 

1.13(-1) 

1.15{-1) 

1.53(-1) 

30.00 

8.72(-2) 

8.69(-2) 

8.84(-2) 

1.13(-1) 

50.00 

6.09(-2) 

6.08(-2) 

6.19(-2) 

7.66(-2) 

80.00 

4.3K-2) 

4.3K-2) 

4. 37 (-2) 

5.28(-2) 



6p - 7p 

6p 

- 6d 

EPSIL 

= 3.09(-l) 

EPSIL 

= 3.19(-1 

BORN 

OCHKUR LIT 

BORN 

OCHKUR 

3.34(-3) 

2.64(-3) 

4.07(-2) 

4.22(-2) 

6.12(-3) 

5.00(-3) 

5.25(-2) 

5.49(-2) 

l.lK-2) 

9.96(-3) 

6.24(-2) 

6.9K-2) 

2.30(-2) 

2.55(-2) 

5.76(-2) 

6.13(-2) 

2.27(-2) 

2. 37 (-2) 

4.38{-2) 

4.16(-2) 

1.51C-2) 

1.43(-2) 

2.27(-2) 

1.97(-2) 

8.46(-3) 

8.12(-3) 

1.19{-2) 

1 .08(-2) 

5.85(-3) 

5. 67 (-3) 

8.29{-3) 

7.75(-3) 

4.47(-3) 

4.36(-3) 

6.43(-3) 

6.1K-3) 

3.03(-3) 

2.98(-3) 

4.94(-3) 

4.79(-3) 

1.84(-3) 

1 .83(-3) 

2.74(-3) 

2.68(-3) 

1.16(-3) 

1.16(-3) 

2.25(-3) 

2.23(-3) 



2) Discussion 

A comparison of the Born calculations for the Alkalis of 
Vainshtein with the results of the present work reveals agreement 
in all cases between the two calculations is within 5 %. 

As expected the incorporation of the exchange effect (by use 
of the Ochkur approximation) lowers the value of the cross-section. 
This is shown for a larger number of cases then previously con- 
sidered with the Ochkur approximation. Furthermore, as expected, 
agreement between the Ochkur and Born calculations for large values 
of incident energy is confirmed. 

Likewise, the Modified Bethe calculations decrease the peak 
value of the cross-section as expected. 

Although the agreement between the Born and Bethe calculations 
in the high energy region is to be expected, since this, agreement 
is forced by use of the Bethe cut-off, the 20% agreement, in the 
upper energy region of the peak value (approximately 4 threshold 
units) confirms that Bethe approximations can be of significant 
use when calculations must be "quick". (The Bethe calculation 
is about 10 times faster than the Born calculation.) 

For the Alkali tables two serious disagreements with the - 
Vainshtein data were found. For the Li(2s-3s) case the Vainshtein 
values (as reprinted in Moiseiwitsch (1968)) for the last three 
energy values are too large by a factor of 10. This appears to 
be a typographical error since these values would give a "second" 
peak to the cross-section at 11 threshold energy units. Further- 
more, division by 10 brings the Vainshtein values into agreement 



, ■ ]30 

with the present Born calculation. 

The second descrepancy is of a more serious nature. For the . 
Potassium (4s-4d), (4s-5d), (4s-6d), the Vainshtein data is in 
serious disagreement with the present calculation. The difference 
of a factor of two between the Vainshtein Born calculation and. my. ■ 
Ochkur calculation led me to perform a. Born calculation for the, 

4s-4d case. The results of this calculation are; 


E 1,02 1.08 1.64 2.28 ' . 

Born(l) 1.36(0) 2.39(0) 3.11(0) 2.23(0) - 

Born(2) 5.77{-l) 1.00(0) 1.11(0) 8.3T(-i). 



E 6.12 11.24 ■ 21.48 4T.96 

Born(l) s;86(-l) ' 4.88{-l) 2.57{-l) ’KSal-l) 

Born(2) 3.28(-l) 1.83(-1) ■ 9.70(-2) 5.11(-2) 



This disagreement is peculiar because agreement between the 
present calculation and other series of the form ns-{n-l)d, ns-nd, 
ns-(ntl)d exists. Since other data for this transition was not 
foundya definitive resolution of the descrepancy does not seem 
possible. Further, the wave functions used by Vainshtein are 
not readily available. They are to be found in Vainshtein (1957) 
which is a journal reference before the A.P.S. began reprinting 
Russian articles. However,, the Sodium paper Vainshtein L. A. 
(1965) Opt. Spectry. USSR 1^, 538 indicates that the wave func- 
tions used were found using the "semi -empirical method taking 



account of exchange", as discussed In the 1957 reference. The 
statement of semi -empi rlcal wave functions suggests that perhaps 
the data Vainshtein used for the K{4d) (5d) (6d) wave functions 
was eroneous; hence the present work may be more accurate, since 
the wave functions used are straight-forward solutions of the 
HFS-equation. 

Returning to the tables, the amount of Inert-gas data avail- 
able from the literature for comparison with the present work 
was disappointingly small. The goal was to clearly establish 
the boundaries of accuracy for the present work by the criteria, 
of comparison with the literature for the two extreme cases of 
the "inert-core active electron assumption". Although an 
exhaustive comparison of the Inert-gas study with the litera- 
ture was not possible, the few cases of comparison with the 
literature do show reasonable agreement. 

Therefore, the credibility of this calculation is firmly 
established by the detailed comparison with the literature for the 
Alkali study and the few cases available for the Inert study. 

The conclusion is that order of magnitude validity for all 
cases of electron impact excitation of atoms can be expected from 
this calculation. The results will tend to be in better agree-' 
ment with experiment for Alkali-like elements, and for elements 
of small charge. That is, since our assumptions for the cross- 
section expressions assume Hydrogen-like behavior for all 
elements, elements more Hydrogen like will give better results. 



VII. SAMPLE RESULTS FOR IONIZATION 

In this chapter some results of the ionization calculations will be 
presented. As indicated in earlier discussion the ionization cross- 
sections are computed by calculating the first six partial-wave cross- 
sections and adding them together to obtain the total C-section; The 
tables, and. the normal output of the program lONCST , include the partial 
C-sections and the total C-section for the given Incident energy. The 
limitations of this calculation will be illustrated by some of the re- 
suits and this limitation examined in the discussion that follows the 
tables. 

1) Tables , 

As in earlier tables, the energy range N is given in threshold 
units; the transition energy Epsil is in;units of twice the Rydberg 
and 'the cross-sectiohs (partial and total) are measured in units of 

Tia ^ 

B * Ionization Cross-Section Tables 


Hydrogen 

(Is; -»■ Continuum) 

Hel i um 

(Is Continuum) 

Lithium 

(2s Continuum) 

Sodium 

(3s Continuum) 

Potassium . 

(4s Continuum) 

Rubidium 

(5s Continuum) 

Cesium 

-(6s Continuum) 


The literature (Lit) data are referenced as follows: 

Peach, G. (1965) Proc. Phys. Soc. 85, 7Q9 
Peach, 6. (1966) Proc. Phys. Soc. 375 

The data given from these sources' Is graphically interpolated. 



HYDROGEN (Is - IQN) 
EPSIL = .500 


N = 2.00 


N = 2.50 


N = 2.75 


LOG N= .301 


LOG N = .398 


LOG N = .439 


(This Paper) 

Lit. 

(This -Paper) 

Lit. 

(This Paper) 

Lit. 

.118(0) 

.10(0) 

.119(0)' 

.10(0), 

.169(0) 

. .10(0) 

.554(0) 

.57(0) 

.642(0) 

.61(0) 

.661(0) 

.63(0) 

J54(0) 

.12(0) 

.191(0) 

.19(0) 

.202(0) 

.19(0) 

.222(-l) ' 

.01(0) 

.327(-l) 

.02(0) 

.368(-l) 

.02(0) 

•278(-2) 


.520(-2) 

-- 

.669(-2) 

— 

.34K-3) 


.838(-3) 

. — 

.126(-2) 

— 

.851(0) 

.80(0) 

,991(0) 

.92(0) 

.108(1) 

.94(0) 





HELIUM (Is - ION) 






EPSIL 

= .860 


- 



n - 1.25 


N = 1.50 


N =1.75 


ENERGY 

LOG N = .0969 

LOG 

N = .176 


LOG N = .243 . 


Qe 

(This Paper) 

L1t(l) 

(This Paper) 

Lit(l) 

(This Paper) 

Lit. 

Qo 

.774(-2) 

.l(-2) 

.159(^1) 

• 5(-l) . 

.220(-l) 

.6(-l) 

Q1 

.391(-1) 

.3(-l) 

:868{-l) 

.9(-l) , 

.127(0) 

.13(0) 

. Q2 

■ .410(-2) 

• K-T) 

.109(-1) 


• 178(-1) 

• 19(-1) 

Q3 , 

■ 215{-3) 

• K-2) 

.817(-3) 

• K-2) 

.167(-2) 

.l(‘-2) 

Q4 . 

,883(-5) 

-- 

.548(-4) 

-- 

.150(-3) 


Q5 

■336(-6) 

-- 

.362(-5) 

— 

•135(-4) 

-- . 

Qt 

•512{-1) . .. 

•6(-l) 

.115(0) 

.2(0) 

.168(0) 

.2(0) 

*Q (experiment) 

o 

.7(^1) 

• 

.17(0) 


.27(0) 


* McDaniel, E. W., J. W. Hooper, D. W. Martin, and D. S* Harmer (1961), Proc. 5th- Int. Cont.. on Ionization 
Phenomena in Gases, Vol (Amersterdam, North-Holland) , p. 60 


L 



HELIUM (Is ION)' 
^ EPSIL = .-860 



N > 2.00 


N = 2.50 


N = 2.75 


ENERGY 

LOG N = .301 


LOG N = .398 


LOG N = .439 


Qe 

(This Paper) 

, Lit(l) 

(This Paper) 

Lit(l) . 

(This Paper) 

Lit(l) 

Qo 

.262(-l) 

• IM) . 

.336(^1) 

• 2(-l) . 

.178(0) 

.21 (-1) 

Q1 

.157(0) 

_.25(0) 

.194(0) 

.34(0) 

.205(0) 

.35(0) 

Q2 

.239(-l) 

,4(-l) 

. .327(-l) 

.5(-l) 

.360(-l) 

.53(-l) 

Q3 

.262{-2) 

■l{-2) 

.445(-2) 

.5(-2) 

.526(-2) 

•5(-2) 

Q4 

.286(-3) 

. ■ 

.625(-3) 

— 

.816(-3) 

— 

Q5 

.318(-4) 

-- 

.918(-4) 

— 

,139(-3) 

— 

Qt 

.210(0) 

.3(0} 

.266(0) 

.4(0) 

.426(0) 

.43(0) 

*Q 


.28(0) 


;32(0) 


.36(0) 


* Loc.. Cit. 



■LITHIUM ■ 
EPSIL = 



N = 2.00 


N = 2.50 


N = 2. 

75 

ENERGY 

LOG N = .301 


LOG N = .398 


LOG N=,.439 


Qe 

, (This Paper) 

LitO) 

(This Paper) 

Lit(l) 

(This Paper) 

Lit(l) 

Qo' 

.250(0) 

.1(0) 

:447(0) 

.15(0) 

.160(2) 

.16(0) 


.822(0) 

.6(0) 

-779(0) 

.58(0) 

.844(0) 

.56(0) 

Q2- 

.226(1) 

.18(1) 

.234(1) ’ 

■ .19(1) 

.236(1) 

.185(1) 

Q3 ‘ 

.913(0), 

.7(0) 

.105(1) 

,9(0) . 

.107(1) 

.9(0) 

Q4 

.196(0) 

.15(0) 

.268(0) 

.2(0) 

.292(0) 

.23(0) 

Q5 

.334(-1) 

.5{-l}' 

.576(-l) 

.8(-l) 

■688(-l) 

• 90(-l) 

Qt 

.447(1) 

■ .34(1). 

.494(1) 

. .38(1) 

.206(-2) 

.38(1) 



SODIUM - 

EPSIL = 



N = 2.00 


N = 2.50 


N = 

2.75 

ENERGY 

LOG N = .301 


LOG N = .398 


LOG N = .439 


Qe 

(This Paper) 

LTt(2) 

(This Paper) 

Lit(2) 

(This Paper) 

Lit(2) 

Qo 

.415(0) 

, .5(0) . 

.643(1) 

.5(0) 

.319(4) 

.5(0) 

Q1 

.690(0) 

.4(0) 

.105(1) 

.5(0). 

.420(2) 

. .55(0) 

Q2 

.255(1) 

.25(1) 

.285(1) 

.25(1) 

.188(2) 

.23(1) 

Q3 

.117(1) 

.11(1) 

.146(1) 

M2(l) 

.788(1 ) 

.12(1) 

Q4 

.270(0) 

.2(0) 

.381(0) 

.3(0) 

.861(0) 

.3(0) 

Q5 

.478(-l) 

.3{-l)' 

.822(-l) 

■ 4(-l) 

.132(0) 

.4(-l) 

Qt 

.514(1) 

.05(1) 

.113(2) 

.55(1) 

.326(4) 

.. .50(1) 


u> 



POTASSIUM (4s - ION) 
EPSIL = .309 



- N = 2.00 

N = 2.50. 

N = 

ENERGY 

LOG. N = .301 

LOG N = .398 

LOG N = .439 

Qe 

(This Paper) 

(This Paper) 

(This Paper) 

Qo 

.113(1) 

.123(1) 

.155(1) 

Q1 

.704(0) 

.983(0) 

.136(1') 

Q2 

.322(1) 

.312(1) 

.317(1) 

Q3 

.235(1) 

.252(1) 

.253(1 ) 

Q4 

.687(0) 

.852(0) 

.897(0) 

Q5 

.140(0) 

.214(0) 

.243(0) 

Qt 

.823(1) 

.892(1) 

.975(1) 
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RUBIDIUM (5s - ION) 
EPSIL = .2SV 



N = 2.00 , 

• N = 2.50 

ENERGY 

LOG N = .301 

: - LOG N = .398 

Qe 

(This Paper) . 

(This Paper) 

Qo 

.136(1) , 

.893(4) 

Q1 

.100(1) 

.466(1) 

_ Q2 

.328(1) 

.230(2) 

Q3 

.283(1) 

.447(2) 

Q4 

.902(0). 

.156(2) 

Q5 

.193(0) 

.881(1) 

■ Qt 

.957(1) 

.903(4) 



CESIUM (6s - ION) 
EPSIL = 2.62 

N = 2.00 N = 2.50 


ENERGY 

LOG N = .301 

LOG N = .398 

. .Qe . 

(This Paper) 

(This Paper) 

Qo 

.127(1) 

.907(3) 

Q1 

.203(1) 

.300(1) 

Q2 . 

.315(1) 

.744(1) 

Q3 

. .380(1) 

.833(1) 

Q4 

.142(1) 

.366(1) 

Q5 

.333(0) 

.124(1) 

Qt 

.120(1) 

.931(3) 



2) Discussion , . 

From earlier discussion recall the following: 

The Born-Coulomb approximation used in this calculation uses the 
coulomb wave final state wave function. 

In this calculation the coulomb wave-function is obtained by 
use of a series that was limited to 30 terms. 

As indicated by the tables^ the calculation is valid for a 
certain range of parameters. Beyond the range of parameters the 
partial cross-sections, and hence the total cross-sections, are 
invalid. The reason for th^ limitation to a range of, parameters is 
the computational difficulty, in obtaining coulomb wave functions' 
for a wide range of the variables ;kp, Ip,- r. A review of these : 
computational difficulties was given by Ffoberg (1955) in Rev. of 

Mod. Physics 359. He suggested that numerical tables should ■ 

• c • ' 

be generated for ati intermediate, range of . variables,/ This sugges- , 
tion led to the tables of coulomb wave functions published by 
h.B.S. in Abramowitz (1964). This is mentioned: to emphasize the' 
difficulties associated with coulomb wave function calculations 
over large ranges of the variables. 

This computational problem is isolated by the use of the sub- 
routine FLNR and satisfactory values of the wave functions are 
produced for, small values of the arguments Ip, r, kp. The validity 
of the calculation in this "small value" range is established by 
comparison with the literature, the computational problem of 
the coulomb wave function can be overcome by use of different 

I 

series expansions to obtain values in other regions of the function 



variables. When the subroutine FLNR is modified in this manner, 
the program will compute ionization cross-sections in a “general 
manner. 

Let us examine the nature of the “breakdown" of the calcula- 
tion. The first "spurious" partial cross-section is for lithium 
Qo (2.75). For this energy (2.75), the higher partial cross- 
sections appear to be valid. 

The next dramatic change is the sodium Qo (2.50) partial 
cross-section. All cross-section beyond this appear in error. 

As will be indicated further, this problem should be over- 


come in future research. 



VIII. CONCLUSIONS AND FUTURE RESEARCH 

The intent of the present research was to provide inexact but rea- 
sonable excitation cross-section values for all elements. This has been 
achieved. The usefulness of these calculations should be to provide 
order of magnitude cross-sections for all cases to astrophysicists who^ 
in some cases, have been forced to use Tran^ (which can be within four 

D 

orders of magnitude of the actual cross-sections). By selecting the 
Alkali (best case) and Inert elements (worst case) as examples of the 
data available from the calculation, it has been shown that the expected 
range of validity for other cases using this program is an order of 
magnitude accuracy.. 

As mentioned in the introduction precise statements as to the 
accuracy of the cross-section values are difficult since, no "bench mark" 
seems to exist. However, we would expect that the cross-sections here 
are quite good (within 10%) in the Born tail (threshold energies greater 
than 30) and could be used by experimentalists for normalization of 
their relative data. 

For this reason, the possibility of publishing standard high energy 
cross-section tables for the first, several transitions for elements 
below I =50 will be pursued. 

Furthermore, the use of this technique to compute electron-excitation 
cross-sections for ions will be investigated. It is clear that since 
these calculations will involve use of coulomb wave functions for the 
scattering electron, the problem encountered in the ionization calcula- 
tion of this research will have to be overcome. 



The solution of that problem appears, at this stage, to be the use 
of an integral expression for the coulomb wave function. This will 
result in a six-fold integration for the final cross-section ‘and such a 
numerical calculation would be pursued using Monte-Carlo integration , 
techniques. 

The calculation of these cross-sections would be motivated by the 
active interest of the astrophysicists in investigating the same 
phenomena (nebulae, aurorae, and solar corona, see Page 1) that moti- 
vated the present work. Furthermore, these cross-sections are of 
Interest to people doing stellar modeling, .(See Athay (1972.)) 

Since a set of atomic wave functions for a general calculation is 
readily available, general calculation of other atomic parameters (e.g. 
oscillator strengths, transition probabilities) may be attempted, and 
this may prove useful to the "beatn-foil" group at The University of 
Toledo. 
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APPENDIX I 


Notation 


0 = 


Ti = 


_.th 


A 

a 




cross-section 

position vector of i electron 
set of quantum numbers for total atom 
set of quantum numbers for a particular orbital 
total wave function (including spin) for atom with 
electrons in a state A 

total wave function (neglecting spin) for atom with 
electrons in a state A 


single orbital wave function (including spin) for atom 




f 

1 rs 


r. 


k 


& 




with i^^ electron in an orbital state 

single orbital wave function (neglecting spin) for 

atom with electron in an orbital state 

this is reserved for the incident electron position 

vector in the scattering problem 

this is reserved for the emitted, electron (secondary 

electron) position vector in the ionization problem 

Levi-Chivita symbol (see Landau (1957)) 

Kroneker -delta (see Landau (1957)) 
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APPENDIX II 

Atomic Units 

There are two sets of atomic units in common use. They are simply 
related and are based in the attempt to make parameters of interest 
dimensionless. Recall the Schroedinger Equation in cgs units^ 

-E^ - (148) 

Let‘^e=-|^x and 

Multiply equation ( by * 

■ CM-) (1^) V - -f- - v(^) EtI = o 

Then may be written - (149)' 

^ (150) ■ 

Hence, if we measure length in units dg and energy in units R (i.e. 
twice the Rydberg) the wave equation is 

; [tv^- -4-^ -e,]5='o (isi) ■ 

In these units a (see Landau pg.- 116 (1957)) for reference , 

call these atomic units I (A.U.I. ) 

Alternatively we might multiply equation (148) by 2/R and write 
the wave equation ■ 

(152) 

Then measuring energy in Rydbergs and length in Bohr radii, the wave 
equation is 

(153) 

these are the atomic units (for reference ) used by some authors. 

Notice in (aul) k = but in _(au II) k,= /E , , . , ' » 



That 


For all discussions in this paper atomic units I are used, 
is 

Unit of length f = gohr Radius = .529 A 

Unit of energy = me^/n^ = 2 Rydberg = 27.2 eV . 
Formulae may be obtained by e = R = tii = 1. 

A convention of referring to units A.U.I as "Hartree Units" and 
units A.U. II as "Atomic Units" appears to be emerging in recent 
literature. However^ many references to "Hartree Units" as "Atomic 
Units" already exist. 
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APPENDIX III 


3-J S.ytnbol Identity 

A standard text, for discussions of angular momentum in quantum 
mechanics is the work of Edmonds (i960)- The necessary relationship 
required will use results cited without proof from this work. 

Consider 

^ d .(XO Xo Vi; ; C-^) X '■'V 

(154) 

X, A'O'I I(J; 




Edmonds (pg. 63) gives the following integral in terms of the 3-j 
symbol 


Xdn fii) (i'^= « 

(155) 


But 


y^;^+YjQ) = f-' r 


f (jf ) xy 


then the sum of interest may be written 

I cy .if X A')- (Xoi ) Xo' oX 


t' 

(5 m-, 


(156) 


X X (XX'X 


(157) 


The 3-j 

symbol 

is zero unless mi+m 2 +m 3 - 

(_-,)mi+m 

= 1. 

Consider 


T= 

rn~?r< ^ 

fjif \ 

l-M; o X J 


( 158 ), 



Two symmetry properties of the 3-j symbol from.pg. 47 are useful, 

E venl 

od^ pemnutation of the columns is equivalent to 

multiplication by 
Property II: 


/ J. J. J. 

m m 3 y 

Using Property I: 


~ (— 1 1 ^'1 ^ ^ ' '^Z- <^-3 


-r y- ' A (M X Jf 

0 ; (^y,. ,nf. O, 


(159) 


(160) 


Using Property II: 


T ' 7— ^ 
d J Hi : 

„,y-^ M,' 

,n^^. 1 .^ 1 -"V ^ J ■ ^ 



f *‘0/ m 


-^1 A ] / J1-; -r .^4 ^ "7^^ 

m; Q j } 


:(161) 


But pg. 47 of Edmonds gives 

X (2j3M)''43,X3«/^Au' 


where A(jij 2 j 3 ) indicates the triangle rule must be satisfied. 
So 


,T=f2A^ir A (I: A 


(162) 


(163) 


I = 


g i y + i) (2i;;+0 


■ + 

4‘it 


a-. 

I o O o. 


Xa X' A (i; if a) (164) 


and 
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APPENDIX IV 


Equivalent Bethe Approximation 


In the Modified Bethe discussion it is asserted that the first non- 


zero term of the series 


f (A) - ^ 



J.o 


(? K- f 

J 1 ' 



':(0 = 



-e 


iT 

(165) 



is identical to the first non-zero term in the series 

-- - (^) f ir' (1 i<-ry | T 112-^ , ^ («s [ r • r ']) 1 1 > 
^ J ^ ^ (166) 

Let us prove this assertion by reducing Eq. (165) to Eq. (166). 


Recall the addition theorem (Jackson (1962) pg. 63), 


M 


Applying this identity to Eq. (166) we may write 


-f '(Jl) -- - ( U- ) <1 ) Jcl rJ 


(167) 

i 




A fr\ - • V f • V 

X exp (ik-r; 1 1/ ■ (168) 

^ ■ ■+ 

Choose the integration axis such that ,K is along the z-axis and K*r'= 
Kr'cose' then 

. .S' / > tm 

^ I cl(co9 e'> eypCi xr'co^B')j 

^ ' I ' 

Rewrite the integral over in Eq. (169) using (Jackson (1962) pg. 65) 


K ^ = exp ^ T f .1 jzt:; 7/^ (cos eo L V 

(170) 

K%S 0 ') U^LJ 


'-m) I 


1-xVl 




Summing over nijEq. (U^) can then be written. 
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zrr)^ < f f ~~ ( r) ' f ^ ( Jl) | 

.-H ^ ^ 




4-TT 




J 






P e^p^^i>r^y; i(2^p |,;> 

4tt 


(171) 


The Integral over dx may be done by use of the following identity 
(Abramowitz (1964) pg. 438) 



C . 

exp d KT' x) j^(y> d;< 072] 


Je(KrO -- 
where jg(r) is the -sphericaT Bessel function. 
Applying Eq. (172) to Eq. (171) we find 

Let y ~ Kr' , dy = Kdr' then 



From (Abramowitz (1964) pg. 486 we obtain 

M n / f -M +“1- 

. Y.-t’) rlt - I ^ 

't) 


(174) 




2 - rr^zii")]/ [r( "-^)j (i 75 > 


For the case u = -(n-h), s = H+h. This is 

r><Xj 


t 






-(ii-K) r^i) 


T 1 


'TT(2J3-i>1S 

where (Abramowitz (1964). pg. 256) (176) 

r ( J{+)4)^ !| j r (-^) = 2 '"*^ fir’ n,-S- 1) 

Then since , Jackson (1964), Eq. (176) may be used 

to write, 

Jt 

Applying Eq. (178) to Eq. (174) we write. 




zzr f YL. J^4y^ (i) 






1-f^ Y (A) ^ ll> (179) 

2H+'i 'jii ^ ^ (-25-1)11 



But recall (Jackson (1962) pg. 66) 


K (iV)= P (cosej 


then f (J^) is 


4tt 


(i Kr)"^ ?, (cose) . 


f 7A) - <^! ' ' !::/ 1 i > 


( 180 ) 


(181) 


By choosing our axis of quantization along K so that K*r = Kr cose we 

may write Eq. (l 65 ) 9S, ' • 

-f7j\) ^ 1 . (182) 

To continue, recall^ (Abramowitz (1964) pg. 798) 

?slCaiB)^y 3s (cos e)^ (183) 


5.S 0 


Since we are' interested in comparing only the first non-zero term in 
Eq. (181) and Eq. (182) we need only in series. ' , , 

From Magnus and Oberhettigner pg. 66 the generalized Legendre 
Polynomial Pl^( 2 ) has the behavior 




» j - a 


I f 0(1"') 
(184:) 


L rTC' + 

therefore, recalling Eq. (l83) 

z.it ra + v' 0 1 7 ^ . (iM) n 


^(Z)— ' 
A • ' z-»«. 


iir ' r ( j + 1) J 


fyT r ( J? + 1) ■ 


Then since r(«.+l) = s,!, Eq. (183) is of the form: 


Z 

(185) 




\^(C0S6y-^ 


1 


CCos B) + 


(186) 


- tx. ) S \ (Cose) 

Since the matrix elements of all lower powers of cose are zero by ' 
assumption, Eq. (isi) becomes: 

r/ji)-- I (i Kf)^ [■ 1 1 1 > 

which agrees with Eq. (182) to within a factor (-1). Since the object 


to be measured is Q = 
lent for o.ur purpose. 


dfilf(£^)| , the Eqs. (187) and (182) are equiva- 



APPENDIX V 


Partial Wave Analysis 


The decomposition of the Born cross-section in terms of 


partial wave cross-section where n refers to components of the 

incident wave with angular momentum /T(I+TT proceeds as follows. 

The Born scattering amplitude is 


■f (-1.) ^ 

. Bofo 2'H' 


Jr/ exp 


C188) 


where ro' is the position vector of the incident electron, and where 

^ -i ^ ■ 

(189) 




Choosing the coordinate system such that is along the z-axis we 
write the expansions (Jackson (1962) pg. 567),, 

/.a,') (190) 

and , X ^ , ; 

(i)/^,.(k;r:) |Tir72f^l}' / (Si,:) ' (I9l) 

J' 

Applying Eq. (190) and Eq. (191) to Eq. (l88) we write 

t... = i~k)l dev;. te> (ikU/'ff7Fur:'i) \ 

J X'iw 


jf ''“V j (X. r;. 


(192) 


; 


The wave functions used in the present calculation can be written: 
and use can be made of expansion (Jackson (1962) pg. 69), 


4tt 


1 

l^'-r i 

to rewrite Eq. (189) as 


P.rrf 


'"■‘'’[ It ,.] ('=.1 
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J (195) 


r 


^ f Y, Y K 

^ Jim 


Let US define the two integrals in Eq. (195) as 


and 


=j r^dr R^(r) Rj(0 


d/.tn, IJimU^m,) ^ Jnr Y, (A,) Y CX\,) Y (A,) 

^ Afn 

Then applying Eq. (195) to Eq. (192) we may write 

£ (SL) = /..x-nY (4r)^(7)^YY”oi'*irYTY(ri'* Y 


(196) 


(197) 




'J^,(lrfr.vj |j5'o\ 


(198) 


where our last term is defined in a manner analagous to Eq. (197). 
To simplify the algebra that follows,, we define the quantities 

c s ((7YV-j;'^'Y2/^i; iiTT(2r*i) 


Flarif) J r„' " d r/ (n k", O ( iCf O 

*7 c 

and rewrite as, , 

{ (A.) = - < |,Vn^ liml iiWj> 


JCfT} 


' F(Pj:r;(,i; < l<v^; ^'oiJV> Y,^. (a^,> 


(199) 

(200) 

( 201 ) 

( 202 ) 


To obtain the cross-section we require 



-f/r? Lt^ 

f 

m 


> 

( 203 ) 




Since we are interested, in transitions Q(nft-vn'ji,‘’) we can average the 
above over tn^ and sum over the result of which we indicate by 
the prime 

4 + \ V y c {u'r) c ^um Patt'if;P(:u'i"if) 




Xm 


(iivv, l.M>.. 

^ ^ -C^VT)^ \ J m 1 tn-i \ I'M! 


(204) 


tn^mi 


* YrM" 

Using the^ results of Appendix III to sum over m^. 


U' (A)iV_ (JJ 2 C. 

^ ' Bern ' V 2 P‘ ■»! 





c (Jiav F/WWF/ur.if) 


\a%^ Cl" 
'///; i.t*i ■ 


; * 4 i- ( . . “ / 

Finally after suniming over L and M, the above can be written 

K' (n.>r -- t,x<.»)ii\,*\)yy c(ur)c^{f,LU‘) PMr}f? 

J/ /tv 

. Kpai'L»n) <X^/X‘'o/J?"m"}<\:'n"\Pa\Kr^'y 


(205) 


( „\’o J. Y/V Yrw" 


(206) 


The cross-section is then: 



Q 


Sorn I k. 


{HT)c^(^l'i") ?(£rr'^0 F(K\r \h ) 

'Xl'WM L'«l jm) ( o ^ / 


v;.Z. 

L'i’n' 


.C/>7 

\ ^ Tn 1 -?'o) fr? 

4 


(207) 


<y 

The sums over L"M" and L* can be carried out explicitly to give the 
results 


. r-i 




xP(jrrr!)P(n'r,i') 



m iT» • 


<<«./r»irm'X«v /i»)j}m>= ( n*miw , 

4rr ' 


L7' I tf 6 « 


.= iurr)(z^^,l) ['i]^ IcX^'iVr I Paje'i"! 

^i!'i* (208) 

\ 0 o o / \ 4^ 0 

Recalling the definitions of C(t£'£") and can be 

written 

V(+) 


, Y 

u) 

(209)' 

where, as defined above, I 

K,Cr)lPx^> ' 

Since ji' is defined in Eq. (191) to refer to the incident electron, the 
partial cross-section corresponding to incident electrons with angular 
momentum /ji‘(£^+l ) and scattered electrons with all possible values of 
angular momentum is. 
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nJTv (--7 


^\^r.r' 


li a >> 


j^, ( i<^r;; J^„ ( r/; 


( 210 ) 


NOTE; The presence of a 3j-syrabol in an expression such as 
^ j j f implies the triangle condition and reduces the 

sum^ range from £.3 = to £3 = Ui-^ 2 1 »" * I 9 (Edmonds (1960) 

pg. 45). 



APPENDIX VI 


Ochkur Expression of f^(») 

Recall from our discussion in Chapter Ills Section 5s the Born- 
Oppenheimer approximation to the exchange scattering amplitude for a 
Helium-Tike target is written 




^ -1. 4- 




o e 


7 K"j • r*, 


( 211 ) 


Let us break this up into three terms 

^"1 V ( h)h?JrM 


1 ff> (f f') 


n 




^ ( 212 ) 

H 'f'i 


I \ f; -f.l 

-'''^”-'■''''41^] 4.3) 

-4R ^ 


■f.-- (ijbfjfM ’’ ‘ 


r* J" r •) *r 

1 \ ^ • r, I ' I I . #■» 


(214) 


Consider the first term 

i X r 


r T 




-ii<,-rtr 1 


-* 1 Ki ' ^ 


1 1 c- 


d 

where K = kj-kp and 


exp 1 7 K'l * ( ^ 2 


(215) 


, . ryq.O^dr; ^ ■ ^ 

Let us evaluate Ip. Introducing the notation roi = rQ-ri let us change 
variables from ro to roi 
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. V 






Ip ( = r rl <iu clccose, 

: ^ n. ' (217) 

•> 

r„dr,i d(coseci) ^i.* ®'”- 

Defining X = cos6oi 

T,(r;,f)-r r.,dr.,dr (218) 


where 


(The use of $ here does not imply the total wave function Including 
spin.) Let us integrate by parts with respect to X and with; respect 
to rQx and neglect each, time terms of higher order of smallness. , 

We obtain . . ' 

(220) 

Noting that ■ 

;£p (f’.C. 

we write 

Ip ^ ^.1 ’ ^ ^ 

Then since 

ip (r^.q.o,±i) - 

our result is: 

Xf(<;-c> = [ (224) 

Ochkur (1964) argues that by a similar calculation it 


Q 


^ (c:.ct, 0,-1). 

f 


( 221 ) 


(222) 


(223) 


may be shown 


lat 


OiK.-") 

f, ^ 0 ( r, '^) 






APPENDIX VII 

User Manual 

This section describes the details of the administration of the 
computer programs. The three programs used in this work are: 

HFSWF; the Herman-Ski 1 Iman Hartree-Fock-Slater Wave 

Function program with the modification discussed 
earlier. 

EXCST; the excitation cross-section program with four 

options (Born, Bethe, Ochkur, Mod. Bethe), for the 
approximation to the cross-section. 
lONCSTi the ionization cross-section program that uses the 
Born-Coulomb approximation. 

For each of these programs a sample of the,, input data in, the form, to be 
entered into, the computer is given. Note in the examples , following 
standard Fortran IV usage^a "blank" data value results in the assigning 
of the value zero to the variable being, read (e.g.. Read (IR, 10) X, Y,, 
Z with, data 10, , 15 assigns the values x - 10,. Y = 0, Z " T5). 

The input data are discussed in the sequence in which they appear 
on the data cards of the program. For each data card the format state- 
ment number as it appears in the program listing is given as follows: 
Data Card #N (Format M). 

Finally a sample output is given and briefly discussed 
1) HFSWF: Hartree-Fock-Slater Wave Function 

A) Sample Input 



JnR ’ r«W 5 ?RLEVEL 5 (OflOy 

C FORTr;CLG,PARM = NdMAp 
oSYSiri DO # 
program HF?;WF( INPUT) 


*■ ,*^*'HFSwr * 

> ■ ' * 

* A Fortran program to OALCULATE HARTREF^rOCK-SLATER » 

* NUMERXrAL WAVE FUNCTIONS AS PUNCHED- CARD . OUTPUT « * 


f-NH ■ . ■ \ ' A 531 =- 

SUFU^DUtINE SCHFO (7?.gEMfl| AMRC5 A,iN0F| sKKK^MESS^SCF^THREsH) B 1 


O',,.. . 

. ’ ■ ' , , , ",B -.430“ 

YSiM nn ,* 

TOM- 4 CASFS 

oOOl OpOOOOl 521 1 -?0 1 0 66 571 1, 

00 ,'48956 „97892 ,96819 ,95746 »9460B ,93642 ,92614 ,91604 ,90613 

42 ,67756 .65941 , 6 41 95 ■ , 62bl6 ,60902 ,79352 ,77662 ,76430 ,75051 

19 ,71184 .66796 ,66536 ,64393 ,62355 ,60415 ,58564 ,56796 ,55l05‘ - 

96 ,50445 .47648 ,45078 .42717 ,40540 ,38525 ,36651 ,34902 ,33?66 

56 ,26967' ,26547 ,24431 .22577 ,20943 ,19492 ,16195 ,17029 ,15976 

?2 ,13376 .12024 ,10906 ,09965 ,09l54 ,08441 ,07007 ,07236 ,06725 

?3 ,115466 ,04011. ,04268 ,03011 ,03424 ,03092 ,02005 ,02776 ,02778 

78 , 02778 .. 02,778 ,02776 ,02778 , 02778 ,02776 ,02778 ,02778 ,02778. 

78 ,02.770 , 02778 ,02778 ,02778 o02776 ,02778 ,02778 ,02776 ,02776 • 

78 ,02776 ,02778 ,02778 ,02778 ,02778 ,02778 ,02776 ,02778 ,02778 ’ 

78' ,02778 . 02778 ,02778 ,02778 ,02778 ,02778 ,.02778 , 02776 ,02778 

8 0 - 

2-103n,6 . . ■ , ’ 

2-135.53 

6-123.25 ■ ‘ , ■ ■ . ■ 

2-19,728 

6-15,249 . . ' ' 

LO-7.0975 

2-1,9456. 

6-0,9919 

EXHIBIT 1 

HFSWF SAMPLE INPUT 


l-o2l99 

l-al089 

l-of)56l 


W' 


A’ 010 

A oao 

A 030 
, A .040 
A 050 
A 060 , 
■ A . 070 
A 080 



B) Input Data Values 

Data Card #1 (Format 138) 

This card contains heading information. Any 72 
characters of information may be put in by the user 
for a title for his output. In the sample input the 
title chosen was '"Krypton - 4 cases". 

Data Card §2 (Format 131) 

This card contains the program control information. 

The parameters are: KEY, TOL, THRESH, I PRATT. MAXIT, 

NOCOPY, KUT, IP, IM, IR, ID, DEFOLT, JE. The usual 
values of these parameters for the cross-section cal- 
culation are denoted by * *. 

KEY: This determines the nature of the starting potential. 

The allowed values are: 

0; The normalized (1) potential on a 110-point mesh is: read 
in and used to construct the 441-point starting .poten- 
tial, (Suggested normalized potentials are found in ■ 

Table A at the end of this Manual). 

1; The starting potential is givfen in the same format as 
the unabridged self-consistent potential that is output 
from the calculation, (i.e. 441 points) 

2; The starting potential for Z is obtained by a linear' 
extrapolation of the two unabridged potentials for ; 
atoms ZE2.and ZE3 where Z-ZE3 = ZE3-ZE2. Bothunr 
abridged potentials must be read into the program. 

(Note: The options 1 and 2 for the parameter KEY are 

Included because they might be used if a series of 
elements were to be calculated. In that case the series 
would.be started for the first element with the option , 

KEY = 0, but the self-consistent potential, all 441 
points, might be saved and used as the starting poten- 
tial for the next element in. the series. If this were 
done the option KEY = 1 would be used for the start 
of the second element). 

TOL: This is the tolerance for self-consistency defined as TOL = 

MAX| rVo'^(r)-rVof(r) I . Herman and Skillman (1963) (H.A.S.) 
note that since tests of TOL = .001, .0001, .00001 yield 
potentials mutually consistent the first value is suggested 


(1) The normalized potential U(r) is defined. U(r) = -rV(r)/2Z 
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** . .001; the value found by trial and error to be preferred by ■ 
H.A.S. 

THRESH: The eigenvalue accuracy criterion defined by 

** .00001; the value found by H.A.S. to be consistent with. TOL = 001 

MESH: The number of points used in the integration mesh for the 
Schrbedinger equation subroutine, (SCHEQ), 


441: The usual value for the integration mesh. 

481 These values are used for the highly excited configuration 
Lwhere orbitals extend but to very large (radial) 

521 : j distances . 

IPRATT: The number of times an improvement scheme due to Pratt (1952), 

should be used. 


1; Normal value found by trial and error by H.A.S.. 

MAXIT: The maximum number of iterations permitted. 

20; Recommended value. 

30: If for some reason (such as a, poor choice of starting 

potential) a large number of interactions is expected to 
reach self-consistency, assign this value. . 

NOCOPY; This controls the nature of the output 

0; The active electron wave functions are the output. 

1: The output is the self-consistent potential (441-points) 
and all radial wave functions. 



The analytic form of the potential is selected as either 
a potential computed from the wave functions for the 
entire range of r, or 


V(^) 


- 2 ( t i)/r 



where ro is the value of r for which X4(<) - - ^ • 


0; The potential is V(r). (This is a restriction of the 
Slater assumption to the interior region], 

1; The potential is Vo(r) for all r. 



IP,IM,IR,ID: These parameters control the type of device used for 

input (IR) and output (IP,IM,ID), The allowed devices 
are: 

5 = card reader 

6 = printer 

7 = card punch 

no = some storage device (unit tape 
or disk) . 

IR is the input control 
IP is the online output information 
IM is the total wave functions and the potential 
control (see NOCOPY) ; 

id' is the active electron wave function control . 

** 6s6,5,7; These are the, normal input output devices. That is 
input is punched cards. Output is printer and 
punched cards. 

O.EFOLT: This parameter controls whether or not the normal values 
(denoted above by **) are to be used. 

0: Set parameters equal to normal values 

1: AIT parameters are read as input. 

JE: The number of excited states to be calculated using the 
self-consistent potential* 

** 1: Normal value 

N: Used to produce a set of N excited state wave functions. 

Data Card #3 (Format 124) 

This card contains the atomic potential. Eleven of 
these cards are used to read in the starting atomic po- 
tential RU2{m) in the normal form of a 110-point mesh. 

(See "KEY" discussion above.) 

RU2(m): m values from 1 to 441 by, 4's. The suggested 
values for RU2 for all atoms are found in Table A. 

Data Card #4 (Format 125) 

This card contains information about the configura- 
tion of the atom. 

Z: The atomic number 



NCORES: The number of core (i.e. filled) orbitals. 

NVALENCE: The number of valence (i.e. unfilled) orbitals. 

ION: The lonicity (i.e. the net charge) on the atom. 

(Note: Although the option of calculating wave func- 

tions for ions was not used in the present work the 
HFSWF program will compute such wave functions.) 

Data Card §5 (Format 127) 

This card contains orbital information. A set of 
(NCORES +- NVALENCE) of these cards are read (see the 
sample input). The parameters are: NNL2, WWML, EE. 

NNL2: The principal and orbital quantum numbers. 

(Note: NNL2 = lOOn + lOX + c, where n is the principal 

quantum number, X is the angular quantum number and c 
an integer (0,1, ...9) which can be used to distinguish 
different configurations from one another at the dis- 
cretion of the user.) 

WWNL: The occupation number (i.e. the number of electrons in 

the orbital), 

EE: The starting eigenvalue for the orbital. 

Suggested values for NrtLZ, WWNL, and EE are given for 
ground state ' configuration in Table A. 

Data Card #6 (Format 127) 

This card is a special use of the data card #4. The 
value -1 is assigned to the atomic charge parameter Z. 

The program interprets Z = -1 as signifying the end of 
the ground state configuration. Control is transferred 
to the excited state calculation section of the program. 

Data Card #7 (Format 127) 

This card contains excited state orbital information. 
This is a series of JE cards (see Data Card 1) contain- 
ing NNLZ, WWNL, EE for the excited states. The value of 
E (in Rydbergs) should be obtained from the C. Moore 
(1950) table or other reference tables. 

The positions of the data for these cards may be seen 



from the sample input or read from the appropriate for- 
mat" statements in program 1 isting given in Chapter V, 
Section 1. 

C) Sample Output 

For the "normal" values of the parameters discussed 
above, the output from program HFSWF is of two types: 

1) The printed output, which gives information about 
each iteration (see Exhibit 2). The first item is 
the "title" as discussed above (Data. Card #1), The 
second item is the value, of the parameter KEY which , 
indicates the type of starting potential used (as 
discussed above in Data Card #2). 

Next for each iteration the following is printed 

ITER = "iteration" number 

I = atomic number ■ . , 

DELTA = measure of .self-consistency (when DELTA < .,001 
calculation stops) 

I(DEL) = serial number of mesh point at which, self- ' 
consistency is poorest ; 

X(DEL) = corresponding' value of X 

I (CUT) = serial number of mesh point closest to ro 
where roVo(ro) - -2(I0N+1) 

X(CUT) = corresponding value of X ’ , 

N cards and M cards denote the number of cards that 
would be produced by a punching of A11 wave functions 
in the configuration. 

2) The punched output which is decks of about 90 cards for 
each wave function. 

For each wave function the first card contains NL2, ‘ 

XL, EE, WWNL, KKK, according to (Format 142)'. 

NL2 = lOOn + 10 a + c; (identical to NNLZ in Data 
Card #5 above) 

XL = numerical value of A in floating point form 
EE = energy eigenvalue 



WWNL = occupation number 

KKK = last mesh point for tabular representation of 
P(nsXtr) 

Z = atomic charge. 

The KKK values of Pnx(»") appear in the next (KKK-l)/5+l 
cards. There are 5 entries per card on the first 
(KKK-l)/5 cards of the set, and a single entry (the 
KKKth) on the final line in this set. This cycle is 
then repeated for each of the remaining orbitals. 

The serial numbers 1 to KKK have the following values 
of the true radial distance r associated with them. 

Recall X = r/j4 

. 1 / 7 " 

where « i ( ifj - 

The serial numbers refer to the Integration mesh {x- 
mesh) used in the radial waye function integration. 

It is composed of 11 blocks of 41 points each. Each 
block has 40 equally spaced intervals. 


BLOCK. NUMBER INITIAL X INTERVAL AX FINAL X LAST POINT 


1 

0.0 

.0025 

.1 

41 

2 

0.1 

.005 . 

.3 

81 

3 

.3 

.01 

.7 

121 

11 

- 102.3 

2.56 

204.7 

441 


(Note: Any wave functions may be used with programs 
EXCST and lONCST provided they are scaled into this 
mesh and arranged into the format of the wave func- 
tions output from HFSWF. This was done with the 
analytic wave functions of hydrogen to test the 
cross-section programs.) 




KRYPTON 4 CASES 
KEY = 0 



Z 

DELTA 

I{DEL) 

X(DEL) 

I (CUT) 

X(CUT) 

1 

36. 

2.003821 4E 00 

405 

112.540 

441 

204.700 

2 

36. 

1.0018797E 00 

402 

104.860 

270 . 

10.940 

3 

36. 

2.7208328E-03 

279 

12.380 

270 

10.940 

4 , 

36. 

1.31 607 06E«03 

279 

12.380 

270 

10.940 

5 

36. 

4. 0054321 E<K)4 

270 

10.940 

270 

10.940 


NCARDS= 578 MCARDS=14 
NCARDS= 578^ MCARDS=14 


: EXHIBITS 

HFSWF SAMPLE OUTPUT (PRINTED OUTPUT) 




410 loOonnonoE 

OoD 

1 o&85^jA4;?E:,03 


5*6*551?2?E-10 
1 el 100A98E-10 
500 OoO 
ObO 


7bB12173lE-lO 

510 i^ononoooE 


~1p459209ae-07 
420 2,00D0n00E 


-2e97fe4?9AE-05 

7loni94B7nE-05 


nO-i,Oea9995E-ni loOOOoOOOE OO 441 36 


no- 5 o 6 ionnoOE-o 2 IoOOOdoooe on 441 36 


00 401 36o 


2 

36 

1 

t>o2l65l 53E-04 

1.0918ftfl4E”03 

2 

36 

2 

4.1613765E-03 

5o2034073E-03 

Z 

36 

3 

2ol5484Dr)E“ld 

1.5512608E-10 

Z 

36 

81 



Z 

36 

. 

00 441 36 e 


2 

36 

■'1 

7.299in28E"03 

9o4948038E=03 

Z 

36 

2 



2 

36 ' 

90 

00 441 36„ 


Z 

36' 

1 

■ 1 



2 

36 

9b 

on 441 36. 


Z 

36 

; 1 

1 .6053n9lE-n5- 

lb2a80A14E-05 

Z 

36 

89 



Z 

36 

90 


EXHIBIT 3, 

HFSWF SAMPLE OUTPUT (PUNCHED OUTPUT) 
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2) EXCST : Excitation Cross-Sections 

a) Sample Input 





' / JOH » ’ g ® 

// FxFT FORln;CLG,F'ARr'i=®BCOgNOSr.UfK:t.» 
//FOPToF-'Y^TP., 00 * 

C PPOFRAP^, EXrSCT { IF'.PUT ) 


’,i^SPLr\/FL=(0,()) 


c 

' c 
c 

c 

c 


if if . if 


I xcsl r 


* * * 


A FoRTRa^' program to OALCULaTE fxcitattom cross 

S'FCTlOM.c; FQR THE FLECTHOf'w IMPACT ExClIATlOO OF 


ATOMS a ^ 


F?Mn 

SUPPoUTTMr PDIHT { GR p.'D » L AM '> X ) 


G 3G'3' 
D X 


c. p n • ■ . . 

/if 

//GO„SYSTM (.in ♦ 

' 1? 1 1 ISODTmP^) 

.uns Kin 5^un in^no .i.5,nn . 2o„oo suodo 50^no fio„'on 

300 0 ,n -3o7761912E;-nl loOOOoOOOf 00 AOl IK Z 

; 3pO‘44o.n5Qp>n3 #..0.22GF.06E-03 A . 9350902F> 0 3 K l70?.Ga7t; - U2 '■ 2 

loUSfoGXlOr-O? KTaFGF^O^L-OS K 9M4'l.90i£i.n2. 2 ^2&m70?F-02 F , S077>60r_-0? Z 


I 99. 


11 

11 

11 


i; 

3 


1 .70'3£.?5F.F.-06 K 33R] EGGt:-0fi 9'0 0 9 7 2SE - 0.9 ' 7 « 3A(=,347*=^ r -' 0 9 S « '+? 0 69S Of - 09 Z 

3o9GonGn7'f. -n,9 2 

310, t^onnoonoE 'nn-,?,R3iA995f--ni ■ip'OnOQOODE: 00 44i,n, ' ' ' 2. 

■ 0*0 n o7l3474Gfr-OG K 0751 o74r- 05 4 » .1 999924 E- Ob 7 , 4lO(3909E - Ob Z 


11 Q1 
11 82‘ 
11 ,1 
il ? 


* o 

-3 0 1 1953G4F - 1.3" K ‘‘^791 P00E-13-K ?5394'^2E-13-7 • 9?1 5nO=’F-14-4 o'9704G&?F' -1 4 Z 

-3oCG7030lF-14 • ' ■ 2 

■ 3BrTME ' ■ 

/* . ' ' 


11 

11 


69 
9 0 


EXHIBIT 4 
EXCSCT SAMPLE INPUT 



B) Input Data Values 

Data Card #1 (Format 46) 

This card contains the program control information. The 
parameters are:' N, NTC, NCs NOTP, AQ. 

N: This determines the number of energy values to be read 

into the program. 

-1; If this. value is used a standard set of energy values is 
assumed. (See Data Card § 2 ) 

NTC: The type of case is indicated by this parameter. 

1; A single case (i.e. A cross-section for a single transition 
in a single approximation is given say Na (3s-3p) in the 
Bethe approximation.) 

2; A multiple approximation for a fixed transition (i.e. For. 
a specific transition Na(3s-3p) the cross-section is calcu- 
■ lated in more than one approximation, say the Born and the 
Bethe approximations.) 

■ 3; A multiple excited state function case. (i..ei. For. a series 

of excited states, the cross-section is calcula.ted for a 

specified approximation for each transition say ,Na(3s-3p) , 
Born; Na(3s-4p), Bethe.) 

NC: The number of cases. This should be in agreement with the, 

value of NTC, (i .e. NTC = 1 NC = 1 if NTC =' 2 ND = number 

of approximations used; if NTC = 3 NC - number of excited 
state wave functions. 

NOTP: The type of output format (See sample outputs at end of 

this section.) 

V; Punched Cards 

2; Single List 

3; Multiple. List 

AQ: The atomic element, name as it will appear in the output. 

This is limited to an 8 character length (e.g. potassium = 

■ potasium). 

Data Card #2 (Format 47) 

This is the set of incident energy values. These ener- 
gies are in threshold units of energy. As Indicated above 



a value of N = -1 on Data Card #1 assumes a set of 20 
energy values. They are (1 .2, 1 .35, 1.50, 1 .75, 2.00, 2.33, 
2.67, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, .10.0, 12.0, . 

. 15.0, 18.0, 21.0, 24.0). 

If the N =-'1 is chosen, no Data Cards #2 are included 
in the deck. 

If N 7 ^ -1, the number of values on this card must equal 

N. 

Data Card #3 (Format 48) 

This is the first atomic wave function Data Card. It 
contains information about the ground state wave function 
the parameters are NL2I, XLI, EEI, WWNLI, KKKI, 2. 

mil: This is the principal and orbital angular momentum quantum 
number, (e.g. 3s->-30) 

XLI: This is the orbital angular momentum quantum number,. 

EEI: This is the eigenenergy of the orbital. 

WWNLI: Thi.s is the occupation number (i.e. number of electrons) 

for the orbital . 

KKKI: This is the number of points in the Herman-Skillman mesh 

used tq give the wave function. ‘ 

I: This is the atomic number. 

Data Card H (Format 49) 

This card contains £ of the values of the initial radial 
wave function. There are (KKKI-l)/5+l of these cards for 
the initial state wave function. Notice that since the 
radial wave function is the function P{nl;r) and the 
boundry condition requires P = 0 at r = 0, then, the first 
wave function value is always 0.0. 

PIN(N): The values of the initial state radial wave function. 

Data Card #5 (Format 48) 

This is the first final state wave function Data Card. 
The parameters are NL22, XL2, EE2, WWNL2, KKK2, Z. This , 
card is of the same form as Data Card #3 and the parameters 
are described above. 



Data Card §6 (Format 49) 

This card contains 5 values of the final state radial 
wave function. These are (KKK2-l)/5+l of these cards for 
the final state wave function. 

PF(N): The values of the final state radial wave function. 

M.B. Cards 5 and 6 are repeated for each of the final states 
for which cross-sections are to be calculated., 

Data Card #7 (Format 51) 

This Is the approximation specification card. The 
parameters are: IPROX, BQ. 

IPROX: The numeric value of the approximation 

1; Born Approximation 

2; Ochkur Approximation 

3;. Bethe Approximation 

Modified Bethe Approximation 

BQ:, The 8 character abbreviation, of the approximation, as , it, 
will be printed in the output. 

C) Sample Output 

There are three possible forms for the output. The form 
used is selected by a choice of the parameter NOTP as 
discussed above in Section B. Examples for each form ' 
follow. 




1 c^:)0 

0 . 'VOOF 

02BrTHF 

(11.) 

<;nn i um 

{ 30-31) (F0STL= 0.753F-01) : 


1 .TW'— 

"0 .'/wTr 

"02'BETi^r~~ 


ruM ~" 

( 30-.U) tEPSIL= 0.753E-011 


1 .‘no 

0 . RZOF 

02 BE 7 HF 

( ,11 o ) 

sna Pf‘^ 

( 30-31 MEPSI L - 0. 75 3 E -01 ) 


‘ K7S0 

0 . 0 ^ F 

02HFTHF 

■ ( 1 u ) 

SODIUM 

( 30-3U tEPSlL^ 0.7S3F--ai) 


.000 

o.oooc 

0 2 T H F 

nio ) 

SODIUM 

( 30-31) tE PST L= no753E-0l),- 


■; 

0. loor 

O^BETH E-" ■ 

( 11. 1 

" SODIUM " 

■( 30-31) (FC'SIL^ 0.7S3E-01) 


? . 6 7 0 

0.9B2F 

o^bethf 

< 1 1. ) 

SODIUM 

( 30-31) {FPSI L= 0,753E-01I , 


orJDT5 

.0 o 0 5 t 

IT^lTFTTrt- 

~TTi7T~ 

s(iD rtio 

( 30-31) (F'^ST L= 0.753F~0n " 


3o50 0 

0.907F 

028FTMF 

{ lU ) 

SODIUM ■ 

( 30-31 M EPS! L= 0. 753fc-01| 


4 oOOQ 

■0oR596 

0?HFTHr‘' 

nr.)” 

SOD lUM 

t 30-31) (FPSIL- 0.7S3E-01 ) 


■■ ‘'=00 0 

0.77?f: 

02flFT(a* 

( J Lo ) 

SOD lUM 

( 30-31) (E P$r L- 0.753F-0n 


■ S cOOO 

■'0 nnop' 

'O^hf'thf 

UK) 

'"SOD IUM“ 

( 30-3) 1 (FPSI L- 0. 7S3E-01) 


7-..00 0 . 

,.o . 6 30 e 

07BF THF 

til.) 

SODIUM 

(30-31) (FPSIL:= 0»7^3F-01) , 


B onO"D 

0 . SHOt 

02B.ETMF, 

(11.) 

SODIUM 

( 30-31) (EPSIL= 0. 753E-OU 


10, .000 

0 o 5 n E 

02BETHf 

( I Ic J 

SODIUM 

( 30-31) (EPSIL= 0.75'’E-OL) 


' U *000 


02HET(-if 

' TTl'. ) 

■SODIUM 

( 30-31 MEPSl L= 0.753E-01) 


15.000 

0 . 388 F: 

02BETHe 

(11.) 

SOD U)M 

( 30-311'lE PSl L= 0- 753t-01) ' 


19 oOOO, 


02RFTHF 

( 11.) 

SODIUM 

( 30-31) (EPSIL= 0.753F-01) 


?lo00>0 . 

0 .304E 

02BETHF . 

( 1 U ) 

SODIUM 

( 30-31HFPSIL- 0.753F-01) \ 



0,?76E 

02BETHE 

( llo ) 

SODIUM 

(30-31) (EPSIL= 0,7536-01) 




EXHIBIT 5 

EXCST SAMPLE OUTPUT (WOTP = 1) 
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sni) I - RI-- riu: 


I'lNS F ' IN 'UN rrs f'F fM -M inihk p ah i ns* >:*;?) . 

UinniNT FMI‘'^r,[CS (N) AC' F IM Tiu: * SHOI.D F Nt_ RG Y 'UNI T S (FPSILI 
FPSn IS IM UNflS TP TWICF TMF 'RYUr^rKN, 


■ ., (AT o Nn.= It.) F- 0^ ) ( NL -NH. ’ : ^fW*n 

r.S ❖ ** * ** .t V * it >|trt # ift *-!t !)t <r 4 * * )|f Jt * :;t* 5it |}C *# <c -ic <;««./•* * * X; j!< A litiOc * ** <t rt <t * * rtr «[*.** ^^ 4( 

* I SIG(NI * N I SIG(N) * N 1 SIG (N> ■ 

v-t* A * ■:« V ft »:« * V <5 * *>‘C >:<<: >X<C ijt* * «Jc* * *>;; <{ # >»e *« ** * <« *****,* 

' ^ ' I * ■ . t ■ . * I ■ ■ ■ ■ , 

.uj. ... . • A,QASF 0 1 * l_jj‘^0 I fr.7^6F 01 _ * J.500 | ' 0«245F- 01 

I * ' I ■ ' ’ ''""(' . ; 

?it »,t 3>ry ,|r >;t y: y: ft X: « >:t yt »:« »k * * »;s * * >!t * i|c ** * 1 {C«<C *#«* * 1 ^ ft* >■{ **« * * #<r ;<G'< ■;< '/f * 

, 'ftft Jkxt « Xtft sy *,ft* ft ft ft ft ft ftXjXrft ftft x?ft ftft ft* »:.' ft* *****«!*** ft ************* ft* ftftftftXfXrftftftftftft ft ft ******* 

ft . _ ^ I *■ I ' * ■ I 

* loYbO I ' or'.ft /»000 I 9»905F 01 ft t 9 » ci‘r; £ O'i ' 

■ ■ ,..; L L__„, .„....: .’f' ’ _,J , \,_"' 

******** ft *,* ***** ************ X{#*ft*************:****>jc**ft**ftftft;^ft*ft ft ft X: ****** ********** 

* ~ ' " 'I ■ ■'"* r ft ' ' ■ I 

2»670; I q.a;?4E o i * j 9 ,s‘sof oi ft 3, 500 1 9 . 070 E oi 

■b^!' , I * ■ . j ' ft I 

ft**ft ft*,* **** ft ********** ****************** **** ** ft* *ft ft* ft* ****** *jy **************** ***^ 

, ******* X; ******** ft* ft* **«Xf ******.************** Xf* ****** ft*** ft* ****** ft Xc ft"* **Xc*"#****Vftfti!< 

L: ; ^ .ft - ■ • ,_ '_ft _ ; i , '■ , 

ft AoOOO I Q,*38fiF 61 ft S, 6 oO I 7,716E 01 ft A . 000 | A.991F 0 !• '" 

' I ; ; ft I _ __ ft j 

**************** Xt *********. ft ***************** ft ft** ft *ftftftftxtXt**Xc ft* ********* *Xt ft* xtftftftft 

_ '■ ■■ ftft************************* ft-****»*ft***ftftft*ft** ft *ftftftftftft *** *** * ***************** ft*. 

I ft I '■ * ■ ■ I ■■ , 

_.‘B._000 _J _‘^cB92E 01 ft 10.000 | S^ lOOF 'Ol ^ 

ft • I ft I * , j 

*** **********: 

******************** ft* ************* ft** ft* ft* *******^*^-**^^^^^^^^ 

-;ft : I ' ft I ft I ' 

ft IP.OOO I ^.5?.4F 01 ft IS. 000 I 3- 877F 01 ft IB.OOO" V " "3 .‘Vo s"fTi 

. - -■- t- ft ' L__ ft I ' : \ . 

v*ft***« ****3;c*«*ftft**ftftftft*ftftft*ftftftft**ftftftftftft*****ft*ft*;^-^*ft^^^-^^^-^^^^^^^^^^^^^^^^^^^^^^^^^ 
.. ft ft ft ft . ft ft ftftftftftft ftft ftft ftft * ************xr******** * * * ft* *** ft* ft* **************** ******** 

■ft ■ ■ ( ■ , ft ■ . ( ■ “ ■'■■■■*” "r j’ ■ ■'■ ' \ 

l lj»_OnO I __1»Q^9F 01 ^ 2^.000 I 2.759E 01 ft 0.000 | i..9BAr-7H > 

ft 1 .ft I ft " ( ■*, ‘ 

ftftftftftftftftftft ftftft ft ftftftftftftftftftftftftftftftftftftftftftftftftftftftft ft* ft ft ft ft ft* ftftftftftftftftftftftftftftftftftftft ft ******** : 


EXHIBIT 6 

EXCST OUTPUT CHOTP ■= 2) 



F 0 
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<ATo»v*Oo -ll o5 

-s f'rrV^‘-';s arf'In u^'^TS RAntus**2K . 

{NCinfJ'iT H^f:Rr,IPS (N)_ A_RE I'M THRESHOLD ENERGY UNITS IFPSTM« 

r^'siL IS IN pF Twice the "ry dr erg^ 


N 

S TGIN ) 

SIG( NS 

SI GIN) 

"" *• ■ SI GIN) ' 

1 o200 


01 

Bo 02 7E 

01 

4o 048E 01 

OoO 

. 1 0 3 5 0 

9 « 9 8 4 E 

01 

9p06?E 

01 

6, 766E 01 

0 oO , 

X o ^ 0 Q 

1 o 06 4 E 

07 

9. 46 8E 

01 

eo245E 01 

1<.326E 01. 

1 o b U 

loIOlE 

0? 

9„631e 

01 

9^4516 01 

2.6076 01 

. 2 a 0 00 , 

1 D 0 9 fl E 

02 

9» 598E 

01 

9o 905E 01' 

3.4486 Oa “ 

. 2 « 3 30 

■ 1 0 'J b 9 1 

02 

9,408E 

01 

9.997E 01 

4c UOE OE 

Vi ., 2 o 6 7 0 

l«029E 

02 

9o 133E 

01 

9»824E 01 

4.3976 01 

,,, 3 , 0 0 

9- 37 1 E 

01 

R«a60F 

01 

9- 5506 01 

:■ 4c557E 01 

' 

■ 9„ 261E 

01 

■ 824276 

01 

9.0706 01 

' 4>.6616 01 ■ 

^ c s,> GO 

8. 70 1C 

01 

0136 

01 

8c5eB6 01 

4c664E 01 

. -,5 *0 00 

7 » 7 ,5 0E 

01 

7„262E 

01 

7o716E 01 

. ; ''4«5266 0.1\ 

- ' b cO (>0 

6.989E 

Cl 

6. 6316 

01 

6«99IE 01 

4.3176' 01 ; , 

■ ' , 9 o C 0 0 ' 

5 » 43 7E. 

01 

5o263E 

01 

5«470E 01 

3.6316 01 

' i ‘J o J u u 

S o 0 7 4 E 

01 

4,93 0E 

01 

5o 109E 01 

3.4906 01 

.12o6oo' 

4„487E 

Cl 

4. 385E 

01 

4o 5246 01 

3ol82E 01 

- ■■•If .oco 

? o ^ 4 2 E 

01 

3. 7,75E 

01 , 

3.877E 01 

2o604E 01 

1 ” .V CO 

3 » 37AF 

01 

3. 326E 

01 

3o 405E 01 

2.5116 01 

7 1 ® J \j 

3» 0 16 r- 

CK 

2. 98 CP 

01 

3 0 04 5E 01 ■ 

2.2 7 8 E TF " 

, , 2 0 CO 

i ' 

2.r3 2E 

01 . 

2o 7C5E 

6i 

2o 75 9P 01 

. 2,0886 01 , 

>- ipPR’^Xo 
■ ,INL-N'LM 
"T;P S I L . 

8GRN 
I 30-31 1 
74 53 IF- 0? 

ochkur , 

t 30-31) 
7o53lE-02 

RFTHE 

I 30-3 n 
7=5316-02 

'^cdrethF^'" 

T30-3 1 5 
7.5316-02 


EXHIBIT 7 

EXCST SAMPLE OUTPUT (NOTP ='3‘) 




3) lONCST: Ionization Cross-Sections 


a) Sample Input 



// , JnB ' 9 « 

// CXfTC FORTr;CL(9,PARP'=®OC[j,WoSntiRCEo 
//FORToSYSTrj DD « 


« «MSGLEVEL=(0,0) 


C 

■'C' 

.91 C 

c 

c. 

c 

c 


PROGRA VI TONCST ( INPUT ) 


)*. in ^ 


IOMCGT 


* 4 . * 


Fortran PR0C7RAn to galculate: partial cross-sections 

FOP NEUTRAL ATOMS IONIZED RY INCIDENT ELECTRONS 


Ewn , 

function Fi nr <L.9RH09EtA) 


END 

/* 

y/GO.sYsiN nn * 
HELIUM 
100 n,o 

OqO 

*+0 166?P0AE>02 



A 

1 


A 

2 

== 

A 

■ ■■ 3 

* 

A 

4 

* 

A 

5 


A 

6 

❖ 

A 

7 


A 

6 


A 

204 


B, 

1 


G 

11 


-1 o7?l?696F 
A,495D10HE-D3 
008234QE“0? 


no ?.,ooonoooE 00 321 2^ z 2 1 

r«6,93n'+3i£-02 a,5306545E“02 3, 3623707E-02 Z 2 2 

?:^.6224t+66E-02 G , F3 0 8796E«- 02 7 <. 4 3357,?i4f: - 0 2 Z 2 3 


6<,?94fc98l F-09 4,7294 32 8^-09 3, SS02439E-09 2,6611420^-09 1 , 9a96926E-09 2 2 65 

lo4S1120ie-09 ' Z 2 6fe 

$ 2 o 75 ' . Born 


■ EXHIBIT 8 

SAMPLE INPUT lONCST 
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b) Input Data Values 

Data Card #1 (Format 17) 

This is a heading card. The 8 character abbreviation 
for the element as it will appear in the output. 

Data Card #2 (Format 18) 

This is the initial (bound) state atomic data card. 

The parameters are: NL2I, XLI, EEI,.WWNLI, KKKI, I. 

NLZI; This is the principal and orbital angular momentum quantum 
numbers (e.g. ls*>10). 

XLI: This is the orbital angular momentum quantum number. 

EEI: This is the eigenenergy of the orbital. 

WWWLI: The occupation number (i.e. number of electrons) for the 

orbital . 

KKKI: This is the number of points in the H-S mesh used to give ' 

the initial state radial wave function. 

1: This is the atomic number. 

Data Card #3 (Format 19) 

This card contains the 5 of the values of the initial 
radial wave function. There are (KKKI-l)/5+l of these 
cards for the initial state radial wave function. 

PIN(N): The values of the initial state radial wave function. 

Data Card #4 (Format 21) 

This card is the incident energy value (in threshold 
units) for which the ionization cross-section will be 
calculated. 

c) Sample Output 

The output from this program is a table of partial cross- 
sections Q equal the total cross-section Q obtained summing , 
Qx. A sample output follows. 



HEL2UM<^*C0UL'=>B0RN 


. CROSS = SFCTInNS ARE IN UnItS OF Pl^^mOHR RADIUR«*ai»Q 

IWCIDENt EWETRGIES (W) are threshold EMERGY units versus 0 
EPslL Is IN UNITS OF TWICE THE RYDBFRGo 

(AT,,o NOor lo) TFPSZLr 5o000E==0lS f WL^-N p t mO=.CONTIWUyf^ J 

> '■ L' D SIG(L)' « L . ', D' '-SIGjLS' L 'D ..SSG«L3 

*^ '■ ' ' II , « ' Q . . . ■ * , i„ ' ■ ' •,* 

* QoO 0 io693E-0l o loOOO B 6<.6i5E«03L * , 2o000 Q 2o020to0a a 

* , fl # ■ D .« . ■ ■ , 0 " 

« 4: 99e 4t « 4c 1 ): $ 9 « 9Cc 4c « >Si :<)c 4c <c ^ 4 :G( <c <( ](!( # >!!( 9 >;t <c <c tic 0 :4t >:c <t O ^ 6 3^ > 0 : >;« 4i ^ 

4; ■ ' ■ " fl ' • # I) ■ 4t I ■ ' . » 

4 SoOOn B 3o67flE«02 « : 4o000 !1 6o&fl6E^n3 o SoOOO B lo2SSE«0S ,* 

* 0 4 ' ' 0 ' <c . ' 0 Jji 

«c$*iJ#it4444*4**44«4444**«444*44 444#44«,«4444444#444444cft<r4c04«t*»j>jCc44c4t4*«4c4c43»<tsj[0*J3c5ciSi»** 

4 ' • • ■ •' ' ttt ■ 

4N- 2o750 LOG«N5= 4o393E*»01 SIG«TOTAL)»s 1q 078E 00 • o 

^' ' , ■ ■ , li 

44*4* 4444 44444:«**4*4«4#**4044444«*44444444#4c4:04f4c3Ct4c*«44*Cc4i4c4 44:41:404*40040, c^44c ' 
*RHO(MAX)= a.SaaqGi+SE 01 ETAsHAK)s = qo7iaG0'23£‘»0l4 

4RH0il«IIN)= ?.o07040l2E«0ij . ET A 4 PiSN I ==1 o OfeSO'iBSE 01* 

444444.44 44444 44* 4 4 44 4 4 4 4 4 4 4 4 4 *4** 4'4 4 4 44 4 4 4 44 * 4 44444 4 4 4 44 4 ft 44 4 44 4 044 4 4 44* 444 *<>44444 


EXHIBIT 9 

lORCST SAMPLE OUTPUT 



TABLE A 


Values for the starting potentials for the HFSWF program are 
given for each element. Also the occupation number and suggested 
eigenenergies for each orbital are listed. 



U(X') x' h'f 2 11 3 B€, ^4 5_; C 6 N T ___0 B f_ 

X . u(X) u(x) !j(x> ___^11AL ^ ^ 

OOo bo C« 0000 0 lo oop'oo' 1 « 0000 0 1 o o'oooo j..'rb00 ^0^_<;0 * 0000_;0_ 

b_0. 01 Oo 0000 C 0« 9 9 60b Oo 995 ? 9 0 .^94 Pj 0 ojob . 0 °993 B4 0 o 993 3 7 Q_^. ° 

6 bVo 2 ' 0 o 0 0 0 0 0 0 o 992 05 0 « 9 9 04 I 0 o' 98 94 t _0 o 9 8j[4 5 _ 0 o9874 8 0o9B65 3 0 q 9 8 ^ 

"oboOB OoOOOpO 0 o'9878T'0o 98539 Co 98387 0.°bBj41 0 <,99095 bo97952 0 ° 

bb,‘04 GoOOOOC 0.<,98357 Go 98023 bo9T8i9 0 ojj6 0 <>974 28 0 ,.97238 0 q P ? 0 

'b'oVo*^ CoOOOOO n<,97916' 0o97495' Co9T239 0 o'9j>9 95' 0 o 96750 0o 96513 0o96284 0 p96063^ 

“b6;'06 Co'OOOOO Oo 97464 bo 9695 7 p o' 96^49 0T^63 56 0o96b64 bo95781 0 ^9 55 08 0^ 

”~6o,07 OoOOOOO 0o97002 0o 964D9 Co96b91 0 «>_9p V ^ ^ bo95b43 0 » 94727 0 o 94 4j? 

."'"oboOS Co 00000 Oo 965 31 'Oo 9585 3 O'o 95445 ' 0 o95059 b_c^^6 74 0 <, 9430 2. 0^ 9394 4_Q^ 3|99_ 

bOo 09 OoOOOOO Co 9605 3 .Oo 9529C Oc, 94834 b'o94403_ 9 o93974 Qo93560 0 ^ 9'31 62 

ObolO OoOOOOO 0o95566 0o'94 72l, Go942l8 0 qQ' 3745 0 o93273~ 0o92 8l8 Q ■» 9 23 8 1 Oo 919 59 

OOo 12 CoOOOOC 0<. 94574' 0o9356P 0«,'929_79 0 ,92’4’2 4"' 0 o 9] 87 3 0 o9l34I 0o9Q830 Q._-..?P ^7_ 

OOo'l^ CoGOCCC 0o9'355B 0 = 92402' C'=91734 O'’o'9_ U O'T _ 0 0 =898 8 0 0^^ B9301 0_» j_B7_ig_' 

OOo 16 OoOOOOO 0o 92524 0o91228 0 = 90492^0 o8 980j__Q_o'a^^^^ 0o B7e00 0.37_1_7^ 

■OOo IB OoOOOOO 0o91477 0 o '9005 3 ' 0 » 8.92 5 7’ 0 =R 3'5 09_^ 82X60__{^^8J_03J3 0 o_8^^^ 

. 00c 20 OoOOOOO 0o904ia 0. 88880. C* 88035 0 o 8723 B j3_o 86436 0 * 8j^54 0 ■ 84896 0o,^l_fe3 

'•OOo 2.2 CobOOOC 0 o89352 0o 8771 3 'b»8682 8; 0oS59oT o;85l4i 0 <>34308. Oo 83500 0* 82713. 

bOo 24' boOOODC 0oS8282 0« 86555 0<,8564l 0 = 847 69" ' 0 'o7bT 37'6''' QV 8 29'96. 0 > 8 ^139 Oo 8 1 301 , 
OOo 26 CoO.OOOC Oo 87210 0o8'54l”b' bT84’475'’b'=83574jb^^6_42_0 oBTTTB_'0^0RJ^4__0^7^^ 

OOo 28 OoOOOOO 0,86139 0=B4279 0o833l2 O' a 824 

OOo 30 CoOOOOO Oo 85071 0, 631 6 5 0 o 822 14 0 o8L271 6 , 80 26 9 0, 79 26 3 0 <>7 826 6 0, 77282 

'00.<.34 OoOOOOO Oo 82949 0= lC992 ”0 c 80052 0 oTobsrb o'7802b' 0 ,769 34 0o 7584B .0, 7 4769 

OOo 38 CoOOOOO 0oB0B5R 0,78899 Qo77'994 0 ,7700 7 "077 5 88 7 0 ,7472 2 0,73546 0,_7 g.l73 

.00. 42 0,00000 0.78807 0,76892 G,7'603B 0,75'038 0,7386 0 0~ ,72614 0 . 7 1349 0.^083 

'■00.46 C. 00000 0. 76804 0,74972 ''6,74111 O’.TTrblB ’0 . 7-1929 6.7 0^01 0 #6924 5 -0.^)7890 
’"00. 50' 'C. 'o'oooo 0.74854 0. 73140 0.72417 0 .7 13 89 _'0 , 70084 0 jbg67 1 6.672-2T 0.6 5 768 
• '..bO, 54 , C.OOOOO 0.72961' 0. 71392 O.fbYP'b b76‘^6 90^0'c6^ 7 '6,65 269 Q clp^S 

’’00. 58 0.00000 0. 71127 0. 6 972 7 0ii'69i4'2‘."076 806 5 0.66 6T6 0. 65033 0.63428- Q'.6l,84fi - 

' 00.62' C.OOOOO 0.69354 0.68140 0.67617 0 • 5 6 5 6 64979 _ 0 . 6331 6 ' 6 . 6 1 641 O". 600 0? 

00. 66 C.OOOOO 0.6 7642 0'.-666?8 0.66159 0,6.5005 '0. ’63400 0.6 166 1 0.59929 0._Yj_? j2 

,0'0,70 C.OOOOO C. 65991 0',6518'5 b'o64762 0.63557 <^.61874 bT60 Q69 0 , 5 8 29 2 (T. 565 8 3 

00, 78 C.OObOO 0,62870 0.62491 0.'6fl24 b’,6b'8br"0^^^^^^^ b.' 5T Q7 3 0,5’524 .2 0.53490 . 

Y' 00. 86 ■ 0. OOOOb 0,'5993l’ 0 , 60b? 1 ' 0 o'59664 0 ,582 13 0,56278 0 ^ 54333 0 ,5 2 48 5 0,50694; 

00. 94 0,00000 0,57311 -O.Bl'bbC G':'5735b 0 75 57T’7‘3T^^^ 0 .5T849 0 ,49995 0^4^45; 

01, 02 0,00000 0,54844 0.5562 C 0 1 551^6 6 . 5 349 3_ 0 .|1 509 O'. 47 7 3 1 0. 4^798 ^ 

01, 1 C Co OOOOC Oo- 52566 0 . 5'36 3'6'^0 , B'B'OBp P'°v^b 0’, 4T5B~5 0,45652 0,43612. 

'.O'i, 18 C.OOOOO' 0, 50461 OY 5 1'76 6”~C", 5 1 lOY bV49Cb9 D,4 7'596 0,4 574 1 0,43719 0,41561 
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(-E ) 

72,0 


4 4 3,3 

577, ,4 

1455,0 

1489,3 

1523 .9 

1559.0 

1594. 4 

n6'3o;T^'“ " 

SHELL 

(2P ) 

6 

(2P ) 6 

(2P) 6 

( 2P) 6 

(2P) 6 

(2P) 6 

(2P) 6 

( ?P) 6 

(2P) 6 

(-E ) 

63-3 


420.3 

550.9 

1411.9 

1445M' 

1479.8 

I5i4.4 

1549. 3 

i5b4.6' 

shell 

<3S) 

.2 

(3S> 2 

(3S) 2 

(3S) 2 

(3S) 2 

OS) 2 

(3S) 2 

OS) ? 

OS) 2 


.^5-02 


96.43 

128.79 

374.62 

384.67 

194.83' 

405.12 

■aTs; 5 3’ 

426.06 

SHfetL 

(3P > 

6 

( 3 P ) 6: 

(3P) 6 

(3P) 6 

■( 3P)' 6 

OP) 6 

( 3P) 6 

( 3 P ) '6 

(,3P) 6 

(«E ) 

5.29 


86,32 

116.77 

352. '99 

X6 2 .7 2 

372.57 

382.53 

392.62 

■ 'AOTra'A'""' 

SHELL 

no) 

9 

{3D)id 

(30)10 

(3D) 10 

( 3b)'i d" 

.(3D) id 

■ (30)10^'' 

OO) id 

■"'rdoT"i:d“‘ ^ 

„ 

0.69 


67.32 

94.18 

312.25 

3 2'i ,38"' 

330,62 

339.99 

349V4“8' 

"3 59;08"""’’ 

SHELL 

(AS) 

1 

(AS) 1. 

(4$) 2 

(AS)' 2 ■ 

(Asrz 

f4S). 2 

Twr 2 

( AS ) 2 

(4S i 2 ■ 

(•E ) 

C,A9 


19.82 

25,82 

9 7472 

rod. 8 o' 

rdT:92' 

""idTroT"' 

lib. 25 

'“lOX'AB'"'" 

SHELL 

(4P ) 

0 

( 4P ) 6 

(4P) 6 

(API 6 

(4P) 6 

(4P) 6 

(4P) 6 

(4P) 6 

(4P 6 

(-E ) 

c « 


16. 00 

21.03 

6 7.44 

90, '34 

93,27 

96.23 

99. 22 

rof.xx'.' 

SHELL 

(AD ) 

0 

( 4 b n d 

(40) 10 

(4D) 10 

(4D)10 

(4D)10 

(4D) id 

('ArnTd" 

(ADFid 

„ ' > 

C. 


, 9.215 ^ 

12.384 

68,127 

70.66 1 

73 ,223 

75,815 

78.437 

81.089 , 

SHELL 

(4E ) 

0 

( 4F > 1 

(4F) B 

( 4E j 14 

( AM 14 

(4F)14 

(4F)I4 

(4F)14 

(4F ) 14 

;4-E ) 

C a 


1.2 36 

1,6 3.0 

41 .093 

43,087 

45.108 

47,157 

49. 234 

' 51- 340 

, SHEL L 

(5S ) 

0 

( 5S) 2 

f 5 S ) 2 

( 5 S ) 2 

( 5S) 2 

(5S) 2 

(5S) 2 

(5S ) ? 

( 5S ) 2 

(“'E ) 

0 9 


3 o U6 / 

3,64/ 

2i ,523 

22.202 

22 .879 

23.555 

24. 231 

'24. 9 06' 

SHELL 

(5P ) 

0 

( 5P ) 6 

( 5P) 6 

<5P) 6 

( 5P) 6 ' 

(,5P) 6 

~'~VbP) 

( 5'P') '6" 

■ (5P.) ' 6 ■ ■ 

<-E) 

C, 


1.990 

2,311 

17.370 

17,946 

18 .520 

19,093 

T 9". '6 65' 

r'? 0.2,37' 'T" 

, SHELL 

(50 ) 

0 

(5D) 1 

(50) 10 

( 5D) IQ 

( 5b i'id" ■ 

(50)10 

(50) 10 

(5010 

O'BXio, 

f«»F ) 

c • 


0.455 

G , 4 .3 U 

9,989 

10,367 

10 ,742 

11,116 

11.489 

11.860 

SHELL 

( 5 F ) 

0 

(5F ) G 

(5F) 0 

(5F) 9 

( 5F)10 

( 5F) 11 

(5F)12 

(5F)13 

(5F )14 

(«E) 

G a 


0, 

0,' 

1,3^38 

1 ,4304 

1 .5154' 

1 .5990 

1.680R . 

■i.,76i6' ' 

SHELL 

(6S ) 

0 

(6S) 2 

(6$) 2 

(6S) 2 

(6S) 2 

(6S) 2 

(6S) 2 

T6S") 2 

“T6SX 2 " 

(«E) 

G, 

o' 

0,3623 

0.3918 

3,0885 

3 ,1454 

3 .'ZOOB 

■■'3.2 541 

3. 306? 


SHELL 

( 6P ) 

( 6P ) C 

(6P) d 

( 6 P ) 6 

(6P) 6 

(6 61 6 

(77PT* 6 

T6TTr?r 

'-jTPinr. • 

(■®E ) 

C 9 


0 6 

0 • 

1 , 93 2 7 

1 ,9628 

i .9914 

2 .0T8R 

2.0449 

■ 2";"cnoo- - 

SHELL 

!7S) 

0 

(7S) 0 

(7S) 0 

(75) 2 

( 7S) 2 

rt s ) 2^ 

(7ST42*~ 

T7S')"'2^ 

‘TTSd' T" 

(“E ) 

C. 


0, 

0, 

G.343 8 

b.,346 2 

d . '3 486 

d .3509 

OX 35 31 

XVX563 

IJ(X) X 

EM 100 

MVIGI 

NOI 02 

U^103 . 






uo, uC 

1 , doooc 

1,00000 

1 , cooo c 

1 ,00000 





' --- •- - 

00.0,1 

0,98808 

0. 98807 

0.98806' 

'C X9 88X4 

- 

— — 

— 

^ 

— 

'00,02 

C. 97605 

0-97603 

■'049 7'60C 

0 ,97597 


■"* " 

-- . . 

— - 



00, 03 

C, 9641 ? 

C. 96413 

0.96409 

d'-.964'd5 


' 

^ — 

— 

— 



---■- 010 “' 

X FMIOO MVlOl NGIO? LW1C3 ' ' 

. 00, 04 C, 95255 0,95250 0, 9524 5 C .95241 

00,05,0. 94123 0,941 17 G , 94 U 2 ' 0,941 C6 

. Op.Ot C.9302C C, 93014 0,93008 0.930G1 ” 

00.07 C.91946 0. 91 939 0, 91933 0.91926 - ^ 

00. 08 G, 90901 0,cog94 C.^^OSS? 0,9C8'79‘ 

00,09 G, 898P? 0.89876 0. 89868 0\'8986i' 

. 00, 10 Oo 88892 0.88885 0 , 8 887 7 C , eesTC 

. 00,1? C, 8699C 0. 8'6982 0, 86974 0, 86^6"6 

00,14 0,85181 0.85173 6,85164 0.85156 

00.16 C, 83452 0. 83443 .6, 83434 6,83425 

00.18 C. 81793 0. 81783 0.81773 O.Pl‘762 ' 


00.20 0,80195 0; 80184 
„ 00 \ 22 C. 78653 0.78642 
.00. 24 0.77165 C.77152 
00, 26 C. 75726 C.75713 
00, 28 C. 74335 0,74321 
00.30 0,72989 0.72974 
00.34 C.70424 0,7C4G9 
.00, 36 'G. 68019 0.68003 
00.42 G.6576C 0.65743 
00. ,46 C.63633 0.63615 
^ OQ. 50 0, 6'l624 0.616C5 
00.54 C, 59719 0.59699 
00.58 C.579Q9 0.57888 
00.62 C. 56187 0.56J64 
00. 66,' C, 54544 0,54519 
^00, 70 C. 52975' 0,52949 
00.7 8 C. 50039 0c"5CCl'r 
00, 86 C. 47347 0.47318 
00.94 C. 44876 0,44847' 


0. 80173 o'. 801 61' 

0. 7863C G. 78617 
0.77139 0 . ITT 2 6 
0.75699 0.75685 ' 

0.74307 Cj7429r^’ 
0. 72959 0 .T?94‘3 “ 
C. 70392 d.T0375 
0.67906 C. 67968' 
0.6 = 725 c:‘6 57 or 
n, 63597 C.635r7 ‘ 

0.61585 C.6r564 

0,5967 8 0,59 655 

C. 57865 0,57841 
C. 56139 0'.56ir4 ' 

0.5 44 0 4 C.' 54466 
0.52922 C.52P93‘__" 
0, 4998? ■0,4995r' 

0,472P8’0.47255 

G.4481 6 C.447'aT ' 



,,01.02. C. 426C6 0,42577 0,42547 G.42514‘, 
di.lO 0,40517 0.4048^ d.4C459T.Td42T' 

■' ; Oi.'ie'C. 38589' O', 38562 'O'. 38531 ' C';'3fl499 ' ■■■■ 

01,26 C. 368C4 0,36776 0 , 3674 5 ' G'.y67l'2T^ 

'■ 01. 34 0,35145 0.351 17 0 . 3508 7 ' C : 3^'5 
01. 4 2 Go 33602 0.335 75 0, 33544 'C.33'^'ld 
01,50 C.32166 0, 32138 0, 32106 'C. 3207? 

■;.01,66 C.29574 0 , 2 9544 0. 2951 C r7.'r947'2 

' 01. 8? G, 27299 0.27265 0, 37225 C,“27ie0 

'.,01,98 C,252.8G 0. 2 5 2 39 0 , 2'51 9 1 C'.2'5ir8 ' 

' 02. 14 0,23476 0.23426 0.23370 0. '23309 ' 

■ 02. 30 G. 21857 0,21800 0,21737 C',2l'668“ 

, 02.46 C.204Q4 0.20340 0. 2027C ' 0 • ?CT '9^ ' 

02'. 6,2 ,C. 19095 C , 1 90 23 0. 1 8 94 4 C;T8“859 
0?, 78' C, 179C5 0,178.23 0.17735 0.17639 ■ 

/'0?, 94 C, 16814 0. 1,6722 0 .'16 62 3 G .1 6517 
03, 10 0.15807 0,15705 07155^7 0TV5482^‘ 

. '0 3. 4 2 0, 1401 2 0.13894 0, 13 770 0,13641 

03, 74 Co 12472 0, 12344 C. 1221 1 0,12074 

04,06 C, 1 11 53 0.1 1019 0.30883 r.T0T45’“ 

04,3'8 C. 10023 0-G9889 0. 09753 C, C9616T — 

04,70 0.09053 0.089’?2 0,08789 0.08656 

05.0 2 ,G.0e22C 0,cec92 0.07965 0.078'3g ' — ^ 

05. 34 e,075Gi 0.07379 0,07257 D.GTIT^' 

05, 66 C.0688G 0.0'6763 C, 06648 0.06533“' ' “ ' 

■ 0'5, 98 0.0634 1 0.-0623d 0,“C6T2C C ■.TTrOTr “ ■ ■ — 

'06. 3C C.0587C 0. 0 5 76'4 O', 0566 C O';i05558' ' 


0'6,'94 C.0509? 0,04995 0,04901 0.C48T0 


,U(X) X 
07 , 58 
0 ^- 2 2 
O 8 o 86 

, 09 . 50 
, 10 . 

10.78 
■■ 11.4 2 
iLoo 


12 , 

lY 

15 i 

16 . 


70 
9 8 
26 
5 ^ 


17. 82 
19. 1C 
■20. 3/8. 
2 l .'66 
2 2 :. 9 ^ 
24 i '22 


FMIOO 
Co 044 75 
03974 
0356C 
03212 
02916 
G.. 026 61 
C.0244C 
CoO?24P 
G.02CP1 
GoClPlB 
Co 0161 3 
01464 
0I35C 
0125 8 
01181 
01113, 
010 51 
OlOOC 


MVIGI 
0.04 3SJ 
0.038 95 ■ 
Go 034 8a’ 
0.03147 
Oo C2 8'56 
0.02607 
0.02390 
0.02203 
02040 
01779 
Cl 5 85 
0144 G 
01329 
01240 
01164 
0 1 C 9 7 
0. C1C37 
0. CC99C 


NOIG? 

0. G4303 
03819 
0341 9“ 
Q3G84' 
02 79 9' 
n. C2555 
0.02343 
02160 
0200 ], 
01746 
01558 
01418 
C.C131C 
6 ; 0122 2 ^ 
0“. 01148' 
0.01082 
C.CIO?,? 
0.C0980 


SHEtl 

(IS) 2 

(IS) 2 

(IS) ? 

.(“S) 

8808.4 

8991.8 

9177.1 

SHELL 

(2S) 2 

(2S) 2 

(2S) 2. 

<-E.) 

1559. 5 

15.950 

1630,9 

SHELL 

(2P) 6 

(2P) 6 

(2Pj 6 

f«E) 

1514.9 

1549.3 

1585,2 

SHEl L 

(3S) 2 

(3S) 2 

(3S) 2 

, r«E ) 

405.69 

416, 11 

""4'26,66 

"SHELL 

(3P) 6 

(3P) 6 

(3'P)' 6 


383. lb 

393, 21' 

403,43 

SHELL 

(3D) 1C 

13bll0 

(30)10 

{-E) 

340,56 

350.06 

359.68 

SHELL. 

(4S) 2 

(4S) 2 

(4S) 2 

(-E) 

107.63 

110.82' 

ll'4,05' 

SHELL 

(4P ) 6 

(4P) 6 

(4P) 6 

/(i-E) 

96. 79 

99.79 

162.83 

SHELL 

'(4D)10 

(4D)10 

(40) 10 

' - 

7 6. 3 74 

79.010 

" 81,676 

SHELL 

(4F )14 

(4F ) 14 

(4F)14 

(-E) 

47. 720 

49.811 

51.931 

. .'SHELL 

(5S) 2 

(5S) 2 

(5S) 2 

(-E ) 

24.074 

24.763 

25.452 

SHE'LL 

(5P ) 6 

( 5P ) 6 

(5P) 6 

. (-^E ) 

19. 605 

2C. 190 

20.775 

S KELL 

( 50 HG 

(5D)1C 

( 50) !C 

(®E ) 

11.609 

1 1.995' 

’ 12.380 

shell 

(5F)ll 

(5F)12 

(5F)13 

(»Ei 

2.0159 

2. 1122 

2.2073 • 

shell 

(6S) 2 

(6S) 2 

<6S) 2 

(•^E) 

3,5008 

3o5'59'3'" 

3.6167 

SHELL 

( 6P ) 6 

(6P ) 6 

(6P) 6 . 

(»E) 

2.2262 

2.2578' ■ 

2.2885 

SHELL 

(6D) i 

(60) 1 

(60) 1 

(“E ) 

C.4463 

0.4432' 

0.4397' 

SHELL 

( 7S ) 2 

(7SJ ? 

( 7 S) 2 

("E ) 

CV3 77 7 

0.3005 

0.3932 


1^103 
C.C422 0" 
C . G3"745' 
07033 53 ’ 
0.03024 
0.02745 
oYo 2505 ” 
'C.C_2 2 98 

'c'^' 02 "iT 9 ' 
Co 01964 
G.'OI 716 
01533 
013 97 ' 
Ci29l‘ 
G12 0T 
Oil '32 

oio 6 r 

01009*' 
Cn"97 1 
2 ■ 


i IS) 
"93 64 
( 2 S) 
1667 
(2P) 
I 6 '2 C 
(3S) 
43 7 


3 

2 

1 

' 6 
.9 
_2 
3 3 


( 3P) 6 
"4 i '3.7-8 

no) lb 
36 9;'41 
(4,S) 2 
' 1 T 7 . 3 T 
(4P) “6 
1 G5.90 
{4Di 10 
84.3 73 
149)14' 

54.C8C 

C5Sj 2 

26. ur 

( 5 p) 6 

21 .360 ■ 
■( 5D) TO 
12'. 765 
I 5F ) 14' 
2'.'3dlT“ 
(6S) T 
3 '. 6 7 31 ■ 

r 6 P ) ■ 6 “ 
2'.3l 8T" 
(60) I' 
C.4358 ■ 
<7'S) 2 
G .3 85 9 ' 



